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I ntroduction:

The cause of nonfamilial Parkinson’s disease (PD) is currently unknown, although
numerous environmental toxins have been implicated. To date, all studies evaluating the role of
environmental toxinsin PD have assumed exposure to toxin during adult life. In contrast,
studies in our laboratory suggest that prenatal exposure may be just as important. We have
shown that treating gravid female rats with the bacteriotoxin lipopolysaccharide (LPS) produces
offspring born with fewer dopamine (DA) neurons. This DA neuron reduction persists
throughout adulthood and progresses with age. These animals exhibit reductionsin striatal DA,
increased DA activity, increases in pro-inflammatory cytokines (that remain elevated through 16
months), increased levels of oxidized proteins, and the development of a-synuclein aggregates.
We have proposed, the pre-natal LPS-exposed rat, as a new animal model of PD. The relevance
of thismodel to PD is supported by the fact that LPS is known to enter the human
choricamniotic environment of the fetus in women with bacterial vaginosis (BV). BV increases
pro-inflammatory cytokines, including tumor necrosis factor (TNFa) and interleukin 1 beta (IL-
113), and induces several teratogenic effects. Unfortunately, the mechanisms responsible for the
LPS-induced changesin the DA system are unknown. Preliminary in vivo studies using BrdU
(marker incorporated into dividing cells) suggest that LPS may reduce the mitotic activity in the
ventricular area of the mesencephalon, which could lead to reduced migration of DA progenitors
into the nigra. In vitro studies, using our newly developed 2-dimensiona (2D) micro-idand
culture system, which allows us to evauate the very early stages of development of the nigro-
striatal pathway, suggest that LPS may interfere with the extension of DA processes to the
trophic-rich striatum. This could lead to loss of DA neurons due to inadequate trophic support.
We will evaluate these two possibilities in the following specific aim.

Specific Aim: Rat fetal brains exposed to LPS at E10.5 will have reduced numbers of DA
neurons in their mesencephalons due to reduced progenitor cell activity or inhibited process
extension. Experimental series 1. Gravid rats will be injected (i.p.) with 10,000 EU/kg LPS or
Hank’s Balanced Salt Solution (HBSS) at E10.5. The animals will aso receive BrdU (70 mg/kQ)
at E10.5 and E11.0 to label dividing cells in the midbrain. The fetuses will be harvested at E18.5
and the brains assessed for the number of TH immuno-reactive (THir)/BrdU cells, NeuNir
(neurona marker)/BrdU cells, GFAPir (astrocyte marker) and Ox-42ir cells (microglia marker)
in the substantia nigra. The density of the THir staining in the striatum and medial forebrain
bundle (MFB) will be used as an index of process extension. If the LPS-induced DA neuron loss
isthe result of reduced development/conversion of progenitor cells to DA neurons, we should
then see reduced numbers of THir/BrdU double-labeled cells. However, if alterations in process
extension are resporsible, we would observe reduced striatal THir density with normal cell
counts in the nigra. Experimental Series 2: Gravid female rats will be treated with BrdU as
above. At E10.5, the abdomen will be reflected and LPS (800 EUs) will be injected into each
amniotic sac in one uterine horn (HBSS in the other). The abdomen will be sutured closed. At
E14.5 the rostral mesencephalic tegmentums (nigra) and lateral ganglionic eminences (striata)
will be harvested from each uterine horn, pooled, and assessed using 2D micro-island cultures.
Various combinations of the LPS exposed (affected) and unaffected nigras and striata will be co-
cultured together and immunostained after 96 hrs. Evaluation of these combinations should
reveal which tissue is more affected (nigra or striatum). Other pups from this treatment protocol
will be taken by C-section at E21, and cross fostered until sacrificed at P5 or P15 (4 days after
the 2 phases of apoptotic culling, respectively). These animals will be assessed for THir/BrdU



and NeuNir/BrdU cell counts, striatal DA biochemistry (HPLC) and GSH/GSSG, striatal and
mesencephalic trophic activity, and striatal TH density and cytokine protein levels (ELISA).
These studies should reveal whether progenitor cells convert normally into DA neurons or
aternatively, do these cells die off during development because of inadequate access to trophic
support, and therefore as a result undergo excess culling at P1 or P15.

Reason for delaysin completing this project:

There are two fundamental reasons why we have been delayed in completing this work.
First, when we discovered the prenatal LPS model several years ago, we submitted severa
proposals like any research group would and fortunately four of the grants funded successively
(this proposal being the 4™). We looked at the workload, which appeared daunting, but we felt
as though we could complete the work on time. We were able to accomplish all of the specific
aims of all the proposals, but were delayed in completing two of the proposals (this being one of
them). The second reason thiswork has been delayed isthat my primary co-investigator (Dr.
Ling) was offered an associate directorship in an overseas program. His departure in January
was further complicated by illness that markedly curtailed his productivity. We have proceeded
in completing the BrdU counting assessments here with limited staff. Thus, we were delayed
approximately 9 months in completing the studies.



Specific Aim 1.

In the first specific aim, we planned to assess the supposition that prenatal LPS interferes with
progenitor cells destined to become DA neurons [either through interfering with mitotic activity
in the devel oping ventricular zone or their subsequent migration to the substantia nigra (SN)].
The concept was that if LPS interfered with the development of DA neurons the result would be
fewer DA neurons in the SN suggesting avery early event. Therefore we planned to pulse the
proliferating cells with bromodeoxyuridine (BrdU: a nucleotide substitution that replaces
thymidine with uridine in the DNA structure of dividing cells) when developmentally the DA
cells are at their peak, and follow their migration into the SN. We would then evaluate cells,
throughout the horizontal sections of the brain, labeled for BrdU, THir, and double-labeled
BrdU/THir cells. These studies have been completed.

Methods:

Gravid Sprague-Dawley rats (n=13) were used in this study (Zivic Miller, Zeneopoalis,
PA). Ratswere divide into two conditions, those that received LPS and BrdU and those that
received saline and BrdU. Gravid rats at E10.5 were injected (i.p.) with either 10,000 EU of LPS
(1 mg/ml = 1 x 10°EV) (n=8) or saline (n=5). Both treatment groups were then administered 70
mg/kg of BrdU (i.p) two hours later, at E11.5 and again at E12. On E18, gravid rats were
anesthetized with pentobarbital (60mg/kg) and a careful incisionwas made from the anterior to
posterior of the abdomen to expose the lateral uterus sacs containing the fetuses. The fetuses
were removed and the whole brain of the fetuses were quickly removed, placed immediately in
cold 4% paraformaldehyde for post-fixation, then stored at 4°C for 48 hours to ensure complete
penetration, and then stored in 20% sucrose in 0.1M POg4 buffer solution at 4°C for 5 days.
Brains were then sectioned on a dliding microtome at 60pm on a horizontal plane. Free-floating
sections were stored in cryoprotectant (0.05 M PBS with 30% sucrose and 30% ethylene glycol)
at 4°C until processed for immunohistochemistry.

While the brains of all fetuses were taken, only one fetus’ brain from each gravid rat was
used for each dependent measure. During this study, one dam in the saline/BrdU condition was
not pregnant and one dam in the LPS/BrdU group at E18 had only 3 fetuses that were unusually
small and the others appeared to have been reabsorbed, therefore they were not used. Thisleft 7
fetus brains for the LPS/BrdU condition and 4 in the saline/BrdU condition. In addition, we
encountered the anticipated challenges associated with sectioning the fetal brains (very difficult
to cut because of its high water content). After experimenting with a number of different
techniques on practice brains, we settled on frozenbrains (on dry ice) and sliced horizontally on
acold dliding microtome at 60 nm thickness. Normally, we have the luxury of multiple series
through a structure, but because of the reduced size of the brain, we had to commit to only three
series so that we could perform the BrdU, THir, and BrdU- THir immunohistochemistry.

Immunohistochemistry

The entire sectioned brains from fetuses in both conditions (LPS/BrdU and saline/BrdU)
were processed for either tyrosine hydroxylase (TH, a DA neuron marker), bromodeoxyuridine
(BrdU: a nucleotide substitution that replaces thymidine with uridine in the DNA structure of
dividing cells) or THir/BrdU double labeled for immunohistochemistry. Briefly, for anti- THir
labeling, sections were washed (3 x 10 mins) in 0.1M PBS buffer (pH 7.4), incubated in
endogenous blocking solution to block peroxidase activity (1% hydrogen peroxide in methanol)



for 10 to 15 mins, and then incubated in 10% serum from host secondary antibody (goat) with
0.03% Triton X-100 in 0.1M PBS for 1 hour. Sections were then incubated for 24 hours at 4°C
with 2% goat serum and 0.03 % Triton X-100 in 0.1M PBS with the primary antibody to TH
(rabbit:anti- mouse, Chemicon, 1:1,000 dilution). After 24 hours, the sections were washed in
0.1M PBS (3 x 10 mins) and incubated for 1 hour with biotinylated secondary antibody
(goat:anti-rabbit, Vector Laboratories, 1:200), 0.03 % Triton X-100 in 0.1M PBS. The antibody
complex was amplified using an avidin-biotin kit (ABC-Elite kit; Vector) and visualized with
3,3 —diaminobenzidine (DAB; ImmunoPure Metal enhanced DAB; Pierce, Rockford, IL) with
and without nickel enhancement. For control sections, the primary antibody was omitted. Once
sections were mounted onto slides and rinsed in 0.1 M PBS, pH 7.4, they were cover-dlipped
with 95% glycerol and examined by standard epi- illumination microscopy.

In processing sections for BrdU labeling, the first part of the methods used are unique for
anti-BrdU labeling. Briefly, sections were washed in 0.1M PBS (pH 7.4; 3 x 10 mins) and
incubated in 2N HCI (2 x 15 mins), which is used to denature the DNA structure of the labeled
cells. Tissue sections were then neutralized in 0.1M borate buffer (2 x 15 mins), after which
sections are washed (3 x 10 mins, 0.1M PBS, pH 7.4). From this point forward, the methods are
identical to those used for THir staining, except the primary antibody is BrdU (mouse:anti-BrdU,
Ab8039-100 lot 118010; from Abcam; at 1:50).

Sereological assessment of cell counts

The estimation of the total number of THir cells, BrdU cells, and THir/BrdU labeled cells
throughout the entire brain was performed using the computerized optical dissector method
(MicroBrightField software) as described previously (Vu et al., 2000). Briefly, a 10X objective
lens was used to define the contour around the area of interest and the 100X oil immerge
objective lens was used for the cell count assessments. The total number (N) of THir, BrdU or
Thir/BrdU labeled cells in each area of interest from each fetus brain was estimated using the
formulaN = NV « VAI, where NV is the numerical density and VAI is the volume of the area of
interest, as determined by Cavalieri’s principle.

Descriptions of Figures

The diagrams (Figures 1 & 2) of the horizortal plane depict the level of brain sections
that represent areas where cell counts were performed, along with where the mgjority of THir
and BrdU cells were located. To assist as a reference tool, these diagrams correspond to the
graphs in that the numbering on the axis of the graph matches those on the diagrams with the
most dorsal section equaling number 1 on the graph, followed by number 2, and the most ventral
section which is number 3. These numbers have been included on the actual pictures to further
assist in establishing the photographed area.

Results SAI

The study has been completed as planned. The diagrams of the brain sections are
included to assist in identifying the sections that were examined/counted along with labels
identifying the areas that correspond to this discussion (Figures 1 & 2). One of the mgjor
difficulties encountered in this study was identifying where the origin of DA cells of the SN
emerge from (this was recognized as a caveat in the origina application and has not changed).
The origin of DA progenitor cellsis believed to be the isthmus and mesencephalic flexure. To



the best of our knowledge, this very restricted area of the developing neural tube consists of the
midbrain directly anterior to the isthmus, directly posterior to the mesencephalic tegmentum, and
posterior to the ventricular and subventricular zones from which DA cells migrate to form the
SN and VTA (Luskin, 1993+; Menezes et al., 1995; Erlandsson, 2003). Therefore, the first DA
progenitor cells are observed at the most ventral rim of the neuroepithelium, lining up aong the
mesencephalic flexure of the ventral mesencephalonand migrating rostral and ventrally (Figure
1and 2). The establishment of neuroepithelia centers in the neural tube is required for two
adjacent, but separate cell populatiors. The isthmus separates the fore- and midbrain from the
hindbrain anatomically and molecularly and is believed to be the origin of the DA progenitor
cdls (Figure 5, c — dotted line). Receiving signals from the floor plate, the isthmus divides the
midbrain and the diencephaoninto dorsal and ventral regions, in which each area has their own
developmental objective. Although for the adult brain the progenitor/stem cells from the
subventricular zone migrate through the rostral migratory stream (RMS), this is not so for the
developing brain. Originaly, one primary migratory pathway for DA cells was believed to exist,
which occurred in two distinct waves with the first set of cells migrating from the ventricular
zone and the second from the subventricular zone (Monk et al., 2001). Thus, progenitors of DA
cells would migrate from the mesencephalic flexure, medially and rostrally, through the medial
part of the raphe, to the subventricular area, and too the ventral mesencephalic tegmentum.
However, by the time DA cells of the SN reached the age of E18 there appears to be two
migratory streams that are theorized to compose the developing SN cells, one which has just
been discussed and the other is called the ventrolateral stream (VLS) (Marchand & Poirier,
1983). Thisstream of cells originates more laterally along the basal plate and at the same level
of the MSC. The VLS follows the radial course through the tegmentum of the isthmus ard
downwards to the ventrolateral surface of the cephalic flexure. By E18 the cells within the
ventral mesencephalon acquire a more adult morphology. While cells remain ventrolaterally to
the surface of the mesencephalon, extend more rostrally, and the RM S of cells moves more
rostrally and laterally towards the lateral sides (wings) of the SN (Figures 1 & 2). This pattern of
migration was apparent in the labeled sections we observed (Figure 5) and illustrated (Figure 1).

Figure 1 ) . .
orizontal Sections of Rat Brain at E18 THir and BrdU Labels of Horizontal Sections of Rat Brain at E18
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expected to see a decrease in the number

of LPS— BrdU cells. However we observed an increased trend in the LPS-BrdU cellsin the
dorsal medial and lateral mesencephalon, plus the region of the SN and VTA (Figure 2a).

The THir cell counts, were as expected, reduced 32 to 40% in the LPS condition
compared to the saline control condition (Figure 2b), which iswell within the limits that we
obtained previously studying early postnatal animals. The SN and the more ventral area of the
SN exhibited significantly fewer TH cells compared to their saline condition counterpart (Figure
4). Thisreduction is consistent with our earlier published work where we demonstrated that
mesencephalic cultures established from fetuses in which the pregnant rat was exposed to LPS at
E10.5 had reduced numbers of TH cells relative to cultures established from unexposed-LPS

pregnant rats at E10.5.

Figure 2b. THir Labeled Cells at E18 Prenatal Rat Brain .
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THir cells, we have observed this
phenomenon in more than 10

studies). Moreover, when we
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Figure 3 THir cell countsin the SN at E18, P1, P10, and P21.
Prenatal LPS exposure produced a significant decrease of THir
cell counts at each time point (P<0.05). In addition, THir cell
counts were significantly decreased between P10 and P1

occur in rats between E21 and P3.

Given that the reductions in both the
LPS and the saline exposed animals
were paralel in the amount of THir cells
decreased during the culling phase, this
suggests that the reduction in THir cell
counts seen in the young animals (non
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consequence of changes in the apoptotic

culling. Rather, apoptotic culling

proceeds normally; it is just that there
are fewer cellsoverall present. Asa
whole, the data is consistent with the
notion that THir cell counts are aready
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fetuses were parale (Figure 3).

Within this data set, there was
also asignificant reduction in
THir cell counts between P1 and
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apoptotic culling phase known to
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Figure 4. Microphotographs representing sections of the SN on a
horizontal plane. Both sections are immune labeled with TH (dark
black) and with BrdU (brown to red). (A) Showsafull and vital
nigrafrom the prenatal saline control condition, in which health DA
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were treated with LPS and the SN from fetus at E18 had
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level on the brain dirarams.
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Overdl, the results of the double- 1abeled immunohistochemistry indicated an increase in
BrdU/THir positive cells, from fetuses exposed to LPS at E10.5 and counted at E18 (Figure 2c.).
The substantia nigra had the highest number of double-labeled cells (Figures 2c & 1-tissue
section 1), followed by a more ventral areaof SN (Figures 2c & 1-tissue section 2) and then by
the VM area around the LC and 4'" ventricle (Figures 2c & 1-tissue section 2). The BrdU/THir
positive cells were also present in control brains indicating normal progression of DA neurons.
We are assuming that these BrdU/TH cells will become cells belonging to either the SN or LC,
depending on the anatomical locationand their microenvironment. Thisis especially true
because the floor plate and the isthmus, by E9 in the rat fetus, have released both sonic hedgehog
(SHH) and fibroblast growth factor-8 (FGF8), which are required proteins in the devel opment of
DA neurons (Hynes et a., 1995b; Hynes and Rosenthal, 1999; Lin and Rosenthal, 2003). While
the floor plate spans the rostral to caudal neuroaxis and releases FGF-8, the isthmus will release
the majority of FGF-8 to the midbrain and hindbrain by E9 with only scant amounts released
thereafter. This supports the supposition that the majority of the DA phenotypic cells are
induced by or at E10.5.

Additionally, even though the extent of
double-labeled BrdU/TH cells is not uniform across
sections of brains, there is congruence within a given
section of the brains in the number of appropriate
cells present. For example, the area within the brain
that should have decreased numbers of THir cells,
because of the prenatal L PS exposure, are reduced
compared to the same area in the saline control
condition The reverse of this also holds true.
Therefore, we believe the results are accurate and
reflect that which is occurring in the developing SN
of the brain when the pregnant mother is exposed to
LPS at E10.5.

The most valid means of ascertaining
alterations in TH cells or progenitor cells proliferation
or migration as a result of prenatal LPS exposure was
to examine the BrdU/THir double-labeled cells _ _
(Figures 2c, 4 & 5). At the time of BrdU, Flgure5._M|cr9photograph of double-lapeled
adminisraion (E105-E12) odisareinasaeot  SAUTHIhoniond sxtonol LeSuran, (20
active proliferation under normal conditions. ventricle and the cerebral aqueduct (5x). D isthe
However, if the LPS caused a decrease in cell same areaas A-C, but taken at 10x. (E) Showsan
proliferation, migration or the TH phenotype, these  aggregation of proliferating BrdU labeled cells (40x),

factors would have been apparent at E18 when the which was consistently present in sections at thislevel
brains were harvested in both conditions. These cellsareidentified on the

photo by the black square. The circle highlightsthe

~ While there was asignificant decreasein LC THir cells. The MSC is demarcated by the white
THir cells of the SN (Figures 2b & 4), this was not arrows and the black arrows indicate the VLS. InC
so for the BrdU cells overal (Figure 2a). These the dotted line identifiesthe isthmus fovea.

cdls, attributed to their morphology, are more than
likely progenitor cells with small round bodies and no processes. Based on our original
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hypothesis, we assumed that the BrdU/THir cells would be reduced suggesting that there was a
deficiency in proliferation and or migration, because of the prenatal LPS exposure. However,
the exact opposite was true. The increase in double-labeled cells (Figure 2c) occurred despite the
fact that there were significant reductions in the numbers of THir cells. These unanticipated
results suggest a compensatory role in the progenitor cells that must recognize a defect in TH cell
production/existence consequently from the LPS prenatal exposure.

At this time, it is unknown whether the BrdU/THir cells are compensating for the
decrease in THir cellsresulting in an increase of DA neurons in the SN/mesencephalon area.
Thus, because there are reduced numbers of DA neurons, the system may compensate by
generating signals (see below) that lead to greater conversion of cellsto DA neurons. Given
there remained a significant reduction in THir cells, it appears that if compensation did occur, it
was not adequate to overcome the overall reductionsin THir cells suggesting that had this
compensation not occurred, the deficit in DA neurons would be even more pronounced. Thus
the results indicate that prenatal L PS exposure does not interfere with the progenitor cell
production in producing DA neurons. However, still unknown is the mechanism by which LPS
induces the loss of DA neurons.



Specific Aim 2:
Initial Problems. The intent here was to examine the brains of animals exposed to prenatal LPS
for trophic activity. We originally proposed unilateral LPS injections on one side of the uterine
horn and saline injections on the other side. Although this was technically possible and we were
able to perform the injections, there were a significant number of embryos absorbed. Therefore,
we moved to simple injections of LPS and HBSS in individual animals since it proved to be
more economical in terms of numbers of animals lost. We aso encountered a second problem
with this specific am. We hed originally intended to perform a 2-dimensiona micro-isand
technique to assess trophic activity. Devised by Dr. Ling, this procedure utilized micro-islands
of 5 uL of striatal and mesencephalic cells lying next to one another inaculture well. When the
tissue is positioned correctly, the fibers from the mesencephalic cultures would extend into the
striatum enabling us to assess process extension. Although this procedure on the surface appears
powerful, it is fraught with variability. What we discovered was that depending on the distance
between the two micro-idands, we would get variability in cell growth, independent of the actual
trophic conditions. We attempted to use different coatings on the plates to control this, but again
we could not get repeatable results, probably due to a variety of factors associated with guidance
and strength of signaling. We eventually abandoned this technique . ;
and went to smple co-cultures. In the absence of distance and
extracellular matrix issues, these studies proved reliable and provided
excellent data that was immediately interpretable. The results can be
summarized as follows.

Methods: Sprague-Dawley gravid rats (Zivic Miller, Zeneopolis, PA) f ;-_/f -r f
were obtained at E7 and housed in a 12 hour lights ontoff cycle, ' o
temperature and humidity controlled environment, and allowed free
access to food and water. At E 10.5, the pregnant rats were injected
(i.p) with 10,000 endotoxin units of lippopolysaccharide or 0.9%
sdine. At E14.5 animals from both groups were anesthetized with
pentobarbital (60 mg/kg, i.p.) followed by removal of the uterus via ML/S
cesarean section and stored in dissecting media (HBSS, 1% penicillin, K TR
1% glutamine-D) on ice. The mesencephalic region (SN) and the PR i N
lateral ganglonic eminence (ST) were dissected from each fetus and ?«r e
pooled by treatment group. The tissue was then centrifuged for two

minutes followed by incubation in 0.25% trypsin for 30 minutes at
room temperature. The tissue was then centrifuged for two minutes
followed by incubation in DNAase for ten minutes at 37°C.

After centrifuging the tissue for two minutes, complete media
(DMEM with high glucose, F-12 HAMS, 10% FBS, and 1%
penicillin) was added and the tissue was triturated until asingle
cell suspensionwas seen Cells (5 x 10%) from the ST region
were plated into 96 well poly-lysine coated tissue culture plates
and allowed to adhere to the plates for ten minutes at 37°C. Cells
(5 x 10%) from the SN region were then plated on top of the ST
according to the following scheme: SAL —SN /SAL-ST; SAL —
SN /LPS-ST; LPS-SN/SAL-ST; LPS-SN/LPS-ST. All

conditions were repeated four times (4 plates or 4 wells). The
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Figurel.

Saline ST cc-cultured with
sdline treated SN 20X
Salinetreated ST co-cultured
with saline treated SN 40X
LPS treated ST co-cultured
with saline treated SN 20X
LPS treated ST co-cultured

" with saline treated SN 40X

Sdline treated ST co-cultured
with LPS treated SN 20X
Sdlinetreated ST co-cultured
with LPStreated SN 40X
LPS treated ST co-cultured
with LPS treated SN 20 X
LPS treated ST co-cultured

" with LPS treated SN 40 X



co-cultures were then incubated at 37°C with 5% CO, for 7 days. The cultures were then fixed
with 4% paraformaldehyde for 10 minutes followed by a 0.01M PBS rinse times three. The célls
were then stained for rat anti- TH, followed by secondary biotinylated horse anti-rat and
visualized using VECTA Stain and DAB. The TH labeled cells in each well were then counted
using acrisscross cell counting method covering 38% of the area.
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Figure. 2: THir cell counts from co-cultures of various
combinations of striatal and mesencephalic tissues from
Saline and L PS treated mothers.

Results: Overal, the results were striking.
Examination of the cultures demonstrated
two overt effects. First and most obvious
was the effect on process extension (Figure
1). Cultures established from animals
exposed to LPS had less process extension.
Thiswas obvious in the THir céllsin
mesencephalic cultures taken from saline
treated controls and co-cultured with striatal
cells established from LPS treated mothers
[i.e. MS/SL (mesencephal on-saline/striatal-
LPS) in photomicrograph] and was most
obvious in co-cultures where both the
mesencephalon and striatum were harvested
from LPS exposed mothers (i.e. ML/SL).
(Note: we are in the process of quantifying
fiber process length for
publication).

Aswe originally proposed, it

6294347 appears that one of the effects of

TH GDNF

Cerebellum N Strigtum Cerebellum N Strigtum
HBSS 22641.23 0.6740.29 0.98+0.2 0.36+0.59 0590.24
LPS 267+1.39 0.6310.29 1.01+0.33 0.31+0.17 04610.25

prenatal LPS is to reduce process
10454658 | extension which could then lead to

Table I: The mRNA levels of TH and GDNF in the striatum, SN, and reduced access to target derived
cerebellum. No significant differences were found.

Nurr-1 Ptx-3
Cerebellum | SN Striatum | Cerebellum SN
HBSS 2238274 (090031 |0.72+0.18 nd. 1.02£1.70
LPS 2594195 (0.66+0.26 |056+0.14 nd. 093+1.04
Shh FGF8
Cerebellum N Strigtum | Cerebellum SN Striatum
HBSS 0.73+0.52 (0914045 |0.840.17 J9.29+6.31 |127+0.36
LPS 098044 (0601028 |0.63:0.33 |6.44+1.78 |0.84+0.61 |[0.78:0.47
mothers

trophic factors and reduced number
of cells. When the THir cell
counts were assessed (Figure 2),

srigum | the LPS had a profound effect
when the counts were made in co-

nd. cultures established from

nd. mesencephalic cultures established

from Saline treated mothers with
striatal cells from LPS treated

Table I1: mRNA levelsof Nurr-1, Ptx3,

087:0.23 Shh, and FGF -8 in various structures
gathered from E 18 fetuses of mothers
treated with Saline and HBSS.

14



Interestingly, the profound effects on process extension seen in the ML/SL co-cultures did not
trandate into significant reductionsin cell counts. (These cultures combinations are scheduled
for another replication in early December 2006 to verify the later results since we would assume
that the ML/SL cultures would aso exhibit reduced cell counts). Since we have observed these
effectswhich suggest alterations in trophic activities, we collected the media conditioned by each
of four possible mono-cultures (i.e., striatal cells from saline and LPS mothers and
mesencephalic cultures from saline and LPS mothers). This media will be used in conditioned
media transfer studies (see below for future studies).

Given the reduced process extensions and reduced
cell counts observed in the co-cultures of MS/SL it could
be argued that there is a reduction in striatal derived
trophic activity. Thus, there could be reductionsin
GDNF known to be the most potent trophic factor for DA
neurons. These results could also suggest reductionsin
other neurotrophic factors including bFGF, BDNF and
neurturin. However, we evaluated the effects of prenatal
LPS on GDNF mRNA (Table I) and bFGF at E18 and
found no significant changes (Qin et al, in preparation).
Moreover, we evaluated several other factorsthat could  Figure3: These photomicrographs
affect the development of DA neuronsincluding Nurr-1,  reveal thetypical prenatal LPS effect
Ptx-3 and sonic hedgehog (Shh) and similarly found no ~ of reducing THir cellsin the SN.
changes (Table I1). Taken together, these data suggest ngHnt[;A ﬁ:\?vﬁjcggg]gmrlgdl
that GDNF and FGF-8 are not involved with thelossof  ials exposed to LPS prenatally
DA neurons seen. Moreover, other transcri ption factors produced greater DA neuron loss
that could be involved with DA neurondevel opment athough the magnitude of the losswas
including Nurr-1 and Ptx-3 are similarly not affected. additive and not synergistic.

The reductions in trophic activity
could reflect alterations in other
trophic factors including BDNF or
other unknown factors. Our group as
well as two others has characterized a
so-called striatal derived neurotrophic
activity (SANTF); afactor that has yet
to be identified (see Carvey et d.,
1993). Changesin this unknown
neurotrophic factor(s) could account
for the results seen and conditioned
media transfer studies are planned to Sham Rotenone

assess this possibility. Postnatal Treatment

One of the elements of the
prenatal LPS that has emerged as we Figure 4. Animalsexposed to LPS prenatally a}nd then a
have studied the model further, was the subthreshold dose of rotenone exhibit synergistic DA neuron
fact that these in-utero exposed LPS loss
animals are more sensitive to the effects

Saline/Sham LPS/Sham
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of DA neurotoxins later in life (Figure 3). When young, the animals do not exhibit increased
sensitivity to 60HDA (Ling et al., 2004a). However, when the animals are older, we did
demonstrate increased sensitivity to subsequent exposure to LPS (Ling et al., 2006) and rotenone
(Figure 4) (Ling et a, 2004b). We have argued that these changes are consistent with the so-
called multiple hit hypothesis (Carvey et a., 2006). Thus, the long-lived increasesin
neuroinflammation seen in these animals renders them more susceptible to the effects of
exposure to a second neurotoxin because the additional increases in inflammation produced by
the second exposure overwhelms the anti- inflammatory compensatory capacity of the CNS
leading to further increases, or more likely longer lived inflammation (see Ling et al., 2006).
Although this hypothesis is supported by the data, this new data may suggest that neurotrophism
isinvolved aswell. Thus, we previously demonstrated that compensatory changesin
neurotrophic activity were a function of age (Ling et al., 200; Collier et al., 2005). If in-utero
exposure to LPS in some way reduces the overall levels of trophic activity, it is possible that as
animals age, they show greater DA neuron losses from DA neurotoxins, that could potentially
convert into progressive DA neuron loss due to the combined effects of greater
neuroinflammation (second hit concept) and reduced compensatory neurotrophism. This
intriguing possibility will be pursued in future studies.

Specific Aim 2 Future Studies:

Based on the results, the following studies need to be performed. First, we need a
replication of the co-culture conditions described above. These are already scheduled for early
December. These studies will complete the statement of work, given that the process extension
assessment, currently underway, will also be completed by then. Unrelated to the statements of
work, but needed to for our understanding of the mechanisms involved in the prenatal LPS
effects we need to perform two additional sets of experiments. First, as these experiments were
emerging from pilot to working studies, it became apparent that changes in trophic activity were
involved. Asaresult, we began to mono-culture cells left over from the co-culture experiments.
Thus, when we had extra cells from a striatal- mesencephalic co-culture, we grew these cultures
out separately for 14 days and collected the media every 3 days. We thus now have 4 sets of
conditioned media from striatal cultures from mothers exposed to Saline and LPS as well as their
counterparts from the mesencephalon. We can now use these conditioned medias to assess
trophic activity in both the striatum (as we have done in the past for striatal conditioned medias
(see Carvey et. al, 1993 for review) and mesencephalon (i.e. DA autotrophic activity; see Ling et
al., 1993 for review)). These medias are added to normal mesencephalic cultures growing in
defined media for trophic factor assessments and are compared with heat-inactivated conditioned
media. These studies will tell usif there is a quantitative change in trophism during
development. The second set of studies would be to perform trophic studiesin animals at
various ages following prenatal LPS and prenatal saline treatment. Using striatal and
mesencephalic extracts in a fashion similar to the conditioned media transfer studies described
above would tell usif tissues from LPS-exposed offspring have less trophic activity. If this were
found to be the case, we could then determine if the compensatory changes in this trophic
activity that accompanies DA neuron loss normally, is aso compromised. Thiswould add
another level of understanding to the evolution of the multiple hit hypotheses.
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K ey Resear ch Accomplishments:
Several conclusions can be drawn from this study.

1 It is clear that the DA neuron loss observed in animals exposed to LPS prenatally occurs
in the earliest phases of development (i.e. prior to E14.5 where there is aready a
reduction in THir cells).

2. These reductions are not a consequence of alterations in the homeobox genes Shh or
Ptx3, the nuclear receptor Nurrl gene, or the FGF8 gene since they were normal in all
animals exposed to LPS. This suggests that LPS does not ater the expression of these
genes leading to the reductions in DA cells seen in LPS exposed animals.

3. The loss of DA neurons following in utero exposure to LPS is also not likely a
consequence of LPS' effect on progenitor cell proliferation. Although it was difficult at
best to identify which BrdU labeled cells would eventually go on to develop into DA
neurons since the region of origin of these cells could not be identified without the ability
to determine what their actual cell fate would be, it was clear thet there were not
significant decreases in the numbers of these cells. Thus, LPS does not appear to
interfere with subventricular proliferation in the mesencephalic region.

4, Prenatal exposure also does not appear to interfere with the normal phases of apoptotic
culling that occurs at P1-P3 since the cell counts in both the LPS and saline exposed
animals decreased equivalently and in parallel across the developmental period through
P10.

5. It does appear that prenatal LPS interfered with the trophic environment of the nigro-
striatal pathway. Striatal tissue from LPS exposed fetuses was less able to grow DA
neurons in co-cultures and the process extension from these cells was markedly reduced.

6. Prenatal L PS exposure may also affect DA autotrophic activity since cells harvested from
LPS exposed animals had diminished cell processes (although cell counts were normal)
and when combined with striatal cultures from LPS exposed animals, very few cells had
processes at all.

7. Taken together, it is hypothesized that in utero LPS leads to aterations in the trophic
environment that compromise process extension leading to trophic restriction by the
developing DA neurons with associated cell loss. Despite these reductions in trophic
activity, the apoptotic culling occurs normally sinceit is likely that the overall levels of
target derived trophic activity were reduced, but not completely absent. This hypothesis
will be tested in future studies where levels of trophic activity will be assessed in
conditioned media transfer studies.

8. Our group is closer to developing an understanding of the mechanisms responsible for the
reduced numbers of DA neurons reliably observed in animals exposed to LPS prenatally.
If we are able to confirm reductions in trophic activity in future studies, these results
might aid in our understanding of the increased sersitivity adult animals exhibit
following prenatal LPS exposure and exposure to a second neurotoxin during adulthood.
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Reportable Outcomes:

The following is alist of publications that came out during the period of funding from the
DoD in which they are thanked for their support. The primary outcome from this work will be
likely one and perhaps two manuscripts discussing the data reported here. These manuscripts
will be in preparation until the results of the culture replicates are completed and the conditioned
media transfer studies are complete. Although the manuscripts below are not directly related to
the specific aims of this proposal, they are all indirectly related including the work on the blood
brain barrier (BBB) since it was the life-1ong neuroinflammation associated with the prenatal
LPS model that first got us thinking about the ramifications of inflammation on the parenchymal
side of the barrier and its impact on BBB integrity. The published works during the funding
period are as follows:

1.

Ling, Z.D., Lipton, JW., Chin, Q. Chong, C.W., Carvey, P.M. Combined Toxicity of
Prenatal Bacteria Endotoxin Exposure and Postnatal 6-Hydroxydopamine in the
Adult Rat Midbrain. Neuroscience. 2004;124(3):619-28.

Ling Z, Chang QA, Tong CW, Leurgans SE, Lipton JW, Carvey PM. Rotenone
potentiates dopamine neuron loss in animals exposed to lipopolysaccharide
prenatally. Exp Neurol. 2004 190(2):373-83.

Carvey, P.M.,Chen, EY , Lipton, JW., Tong C., Chang, Q.A., and Ling, Z.D. Intra-
parenchymal injection of TNF-a and IL-1-b produces dopamine neuron loss in the
rat. JNeural Transm. 2005;112(5):601-12.

Collier, Timothy J, Zao Dung Ling, Paul M. Carvey, Anita Fletcher- Turner, David M.
Y urek, John R. Sladek Jr., and Jeffrey H. Kordower. Striatal trophic factor activity in
aging monkeys with unilateral MPTP-induced parkinsonism Exp Neurol. 2005
Feb;191 Suppl 1:S60-7

Carvey, PM C.H. Zhao, B. Hendey, H. Lum, J. Trachtenberg, B.S. Desai, J. Snyder,
Y.G. Zhu and Z.D. Ling. 6-hydroxydopamine-induced Alterations in Blood Brain
Barrier Permeability. Eur JNeurosci. 2005 Sep;22(5):1158-68.

Chen L, Cagniard B, Mathews T, Jones S, Koh HC, Ding Y, Carvey PM, Ling Z,
Kang UJ, Zhuang X. Age-dependent motor deficits and dopaminergic dysfunction in
DJ1 null mice. JBiol Chem. 2005 Jun 3;280(22):21418-26.

Ling Z, Zhu Y, Tong CW, Snyder JA, Lipton JW, Carvey PM. Progressive dopamine
neuron loss following supra-nigral lipopolysaccharide (LPS) infusion into rats
exposed to LPS prenatally. Exp Neurol. 2006 199(2):499-512

Carvey, PM, Punati A, and Newman, MB. Progressive dopamine neuron |ossin

Parkinson’s disease: the multiple hit hypothesis. Cell Transplant. 2006; 15(3) 239-
250.
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9. Zhu,Y, Carvey PM, and Ling Z. Age-related changes in glutathione and
glutathione-related enzymesin rat brain. Brain Res. 2006 May 23;1090(1):35-44.

10. Zhao C, Ling ZD, Newman MB, BhatiaA, and Carvey PM. TNF-Alpha Knockout
and Minocycline Treatment Attenuates Blood Brain Barrier Leakage in MPTP-
Treated Mice. Inrevision Neurobiology of Disease.

In addition to these publications, we have presented work yearly at the Society for Neurosciences
and the American Society for Neural Therapeutics and Repair where severa posters were
presented and oral presentations were made acknowledging the support of the DoD.

Conclusions:

The results suggest that prenatal exposure to LPS leads to loss of DA neuronsin the
early phases of development of the nigro-striatal pathway. LPS does not appear to interfere with
homeobox genes or other nuclear receptors or some trophic factors (GDNF or FGF8) known to
be involved with the development of the DA system. Moreover, LPS does not appear to interfere
with proliferation of cellsin the subventricular zones that potentially are destined to become DA
neurons. However, analysis of BrdU-THir double labeled cells appears to indicate that there are
greater numbers of these cellsin the SN of E18 animals. This might suggest that the reduced
numbers of THir cellsin the SN at E18 in same way signals the progenitor cell population to
increase their phenotypic conversion to DA neurons. However, this potential compensatory
response is inadequate since the overall number of THir cellsin the SN is till reduced relative to
norma. Moreover, analysis of co-cultures of mesencephalic DA neurons and striatal tissues
suggest that there are aterations in growth potential and most importantly, the extension of DA
neuron processes which are consistent with altered neurotrophic support. Given the there were
no changes in MRNA for FGF8 and GDNF, it is possible that the trophic factors involved are the
yet to be identified Striatal- Derived Neurotrophic factor described by our group and several
others and the DA Neuron autotrophic factor. If indeed, the loss of DA neurons is a consequence
of these factors, this would explain why DA neurotoxins administered to aged animals produced
greater DA neuron losses in animals exposed to LPS prenatally than animals exposed to saline
since reduced trophic support would render the animals more susceptible to toxic insult. Overall,
the negative data provided by this project as well as the potential involvement of neurotrophic
factors provides greater insight into the mechanism(s) underlying the prenatal LPS effect and
represents the first mechanistic clues for this potentially important new anima model of PD.
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COMBINED TOXICITY OF PRENATAL BACTERIAL ENDOTOXIN
EXPOSURE AND POSTNATAL 6-HYDROXYDOPAMINE IN THE ADULT

RAT MIDBRAIN

Z. D. LING®" Q. CHANG,* J. W. LIPTON,
C. W. TONG,® T. M. LANDERS? AND P. M. CARVEY®?

2Department of Pharmacology, 1735 West Harrison Street, Room 410,
Rush University Medical Center, Chicago, IL 60612, USA

PDepartment of Neurological Sciences, Rush University Medical Cen-
ter, Chicago, IL 60612, USA

Abstract—We previously reported that injection of the Gram
(—) bacteriotoxin, lipopolysaccharide (LPS), into gravid fe-
males at embryonic day 10.5 led to the birth of animals with
fewer than normal dopamine (DA) neurons when assessed at
postnatal days (P) 10 and 21. To determine if these changes
continued into adulthood, we have now assessed animals at
P120. As part of the previous studies, we also observed that
the pro-inflammatory cytokine tumor necrosis factor «
(TNFa) was elevated in the striatum, suggesting that these
animals would be more susceptible to subsequent DA neu-
rotoxin exposure. In order to test this hypothesis, we injected
(at P99) 6-hydroxydopamine (60OHDA) or saline into animals
exposed to LPS or saline prenatally. The results showed that
animals exposed to prenatal LPS or postnatal 60HDA alone
had 33% and 46%, respectively, fewer DA neurons than con-
trols, while the two toxins combined produced a less than
additive 62% loss. Alterations in striatal DA were similar to,
and significantly correlated with (r?=0.833) the DA cell
losses. Prenatal LPS produced a 31% increase in striatal
TNFa, and combined exposure with 60HDA led to an 82%
increase. We conclude that prenatal exposure to LPS pro-
duces a long-lived THir cell loss that is accompanied by an
inflammatory state that leads to further DA neuron loss fol-
lowing subsequent neurotoxin exposure. The results suggest
that individuals exposed to LPS prenatally, as might occur
had their mother had bacterial vaginosis, would be at in-
creased risk for Parkinson’s disease. © 2004 IBRO. Published
by Elsevier Ltd. All rights reserved.

Key words: Parkinson’s disease, TNFe, IL-13, dopamine,
prenatal, lipopolysaccharide.

Although genetic factors account for some cases of Par-
kinson's disease (PD; Gasser, 1998; Polymeropoulos et
al., 1997), the vast majority of PD is considered idiopathic.

*Correspondence to: Z. Ling, Department of Pharmacology, 1735
West Harrison Street, Room 410, Chicago, IL 60612, USA. Tel: +1-
312-563-2556; fax: +1-312-563-3552.

E-mail address: zling@rush.edu (Z. D. Ling).

Abbreviations: BV, bacterial vaginosis; DA, dopamine; E, embryonic
day; EDTA, ethylenediaminetetraacetic acid; ELISA, enzyme-linked
immunosorbent assay; EU, endotoxin unit; HBSS, Hanks’ balanced
salt solution; HPLC, high performance liquid chromatography; HVA,
homovanillic acid; IL-1B, interleukin 1pB; ir, immunoreactive; LPS,
lipopolysaccharide; P, postnatal; PD, Parkinson’s disease; SN, sub-
stantia nigra; TH, tyrosine hydroxylase; TNFa, tumor necrosis factor «;
VTA, ventral tegmental area; 60HDA, 6-hydroxydopamine.

Several environmental factors, including chemical neuro-
toxins, such as rotenone, dieldrin, and paraquat have been
proposed as risk factors (Brooks et al., 1999; Thiruchelvam
et al., 2000; Betarbet et al., 2000; Jenner, 2001). Although
these known dopamine (DA) neurotoxins have been widely
discussed, their potential roles as PD risk factors are sus-
pect because of the large dosages that would be needed.
However, if exposure were to occur in an individual that
already had fewer than normal DA neurons, and especially
if that hypo-dopaminergic condition was associated with a
pro-inflammatory state, then lower dosages of neurotoxins
would be needed. Recent studies in animals from our
laboratory suggest that this is possible.

We previously demonstrated that rat fetuses exposed
to the Gram(—) bacteriotoxin, lipopolysaccharide (LPS) at
embryonic day (E) 10.5 were born with fewer than normal
DA neurons (Ling et al., 2002a,b). Assessment of tyrosine
hydroxylase (TH) immunoreactive (ir) neuron counts (used
as an index of DA neurons) in the substantia nigra (SN) of
postnatal day (P) 10 and P21 rat pups revealed losses of
25 and 31%, respectively. Similar reductions in striatal DA
and increases in DA activity ((homovanillic acid (HVA))/
[DA]) were also seen. In addition, increased levels of the
pro-inflammatory cytokine tumor necrosis factor « (TNFa),
were seen in the SN of these animals, indicating a pro-
inflammatory state. These changes in DA and increases in
TNFa are consistent with the well-established effects of
LPS. Thus, LPS, acting through the CD14 and toll-like
receptor-4, is a well known inducer of pro-inflammatory
cytokines and has been shown to kill DA neurons both in
vitro and in vivo by several investigators (Castano et al.,
1998, 2002; Gayle et al., 2002). Taken together, these
studies suggested that LPS and infections that increase
pro-inflammatory cytokines prenatally, may be involved in
the etiology of PD. We hypothesized that individuals born
to mothers with bacterial vaginosis (BV), a well known
inducer of LPS and pro-inflammatory cytokines in the cho-
rioamniotic environment (Fortunato et al., 1996; Menon et
al., 1995), would be at increased risk for PD. Moreover, if
prenatal LPS led to a continued pro-inflammatory state,
then subsequent exposure to DA neurotoxins would pro-
duce a more pronounced DA cell loss. This would then
support the notion that PD is a consequence of the com-
bined effects of multiple environmental factors with a pre-
natal factor representing an entirely new exposure para-
digm.

We set out to assess this possibility in rats exposed to
LPS prenatally followed by postnatal neurotoxin exposure.
We chose the well-known DA neurotoxin, 6-hydroxydopa-

0306-4522/04$30.00+0.00 © 2004 IBRO. Published by Elsevier Ltd. All rights reserved.
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mine (60HDA) as the postnatal toxin for several reasons.
First, it has been shown to increase TNFa in brain, sug-
gesting that it would further increase proinflammatory cy-
tokine(s) in animals prenatally exposed to LPS (Mogi et al.,
2000). Second, i.c.v. injection of 60HDA kills DA cells
bilaterally, which is similar to the effects of prenatal LPS
(Vu et al., 2000). Third, when injected i.c.v., 60HDA Kkills
DA neurons in a dose-dependent manner (Carvey et al.,
1994).

EXPERIMENTAL PROCEDURES
Animals

Forty-nine timed-gravid female Sprague—Dawley rats (Zivic-Miller,
Allison Park, PA, USA) were delivered to Rush’s animal facility at
gestational day 9+12 h. Two additional male and two non-gravid
female Sprague—Dawley rats were also studied. All animals were
maintained in an environmentally regulated animal facility for the
duration of the study (lights on 06:00—-18:00 h). The protocols and
procedures used in these studies were approved by the Institu-
tional Animal Care and Utilization Committee (IACUC) of Rush
University and met the guidelines of the Council on Accreditation
of the Association for Assessment and Accreditation of Laboratory
Animals Care (AAALAC, international). Minimal number of ani-
mals was used in the study and all survival surgeries were per-
formed under pentobarbital anesthesia (40 mg/kg body weight) to
minimize pain.

Prenatal treatment and body temperature study

LPS was purchased from Sigma Chemical Co. (St. Louis, MO,
USA; L-8274; prepared from Escherichia coli 026:B6) and dis-
solved in saline (Hanks’ balanced salt solution [HBSS]; Gibco-
Invitrogen) at 10,000 endotoxin units (EU)/ml. At E10.5, each
gravid female received a single injection (i.p.) of either 10,000
EU/kg LPS or HBSS (1 ml/kg; n=18 for each group). This dosage
was chosen based on previous studies where it was shown to be
well tolerated and did not produce fetal demise (Ling et al.,
2002a). E10.5 was used because it is just prior to the birth of DA
neurons at E11-E11.5 (Specht et al., 1981; Sinclair, 1999; Cohen
and Sladek, 1997; Bouvier and Mytilineou, 1995) and previous
studies showed it to produce the most profound DA neuron loss
while earlier injections and later injections (E12.5 and greater)
produced no loss at all (Ling et al., 2002b). All the animals were
monitored daily for obtundation or other signs of distress, and
were allowed to deliver their pups normally. The pups were
weaned at P21 and housed two per cage with same-sex partners.

Increased maternal body temperature has been previously
hypothesized to produce teratogenic effects in offspring (Colado
et al., 1999; Albers and Sonsalla, 1995). Although the dosage of
LPS used in the present study was considerably lower than those
known to produce hyperthermia (Miller et al., 1997; Meszaros et
al., 1991) we needed to rule out the possibility that the THir cell
loss seen was simply a consequence of hyperthermia. Rectal
temperature was measured in separate groups of animals treated
with the same protocol (prenatal saline [n=6]; prenatal LPS [n=7])
prior to, and following i.p. LPS injection, at 30 min intervals for
5.5 h, and again at 24 h. In order to determine if the effect of LPS
on body temperature was influenced by gender or gravidity, we
also assessed rectal temperature in two males and two, non-
gravid females.

Treatment groups, postnatal treatment, and kill
protocol

One male pup from each of the 24 litters was chosen (12 LPS and
12 saline) and randomly assigned to one of two postnatal treat-

ment groups (i.c.v. Sham Control [vehicle] or 60HDA) creating a
2x2 design (LPS/Sham; LPS/60HDA; Saline/Sham; and
Saline/60HDA).

At P99 the animals were subjected to the postnatal treatment
protocol. One hour prior to surgery, every animal received an i.p.
injection of desipramine HCI (25 mg/kg) to reduce the uptake of
60HDA into noradrenergic terminals (Carvey et al., 1994). The
animals were anesthetized with pentobarbital (40 mg/kg; i.p.) and
placed in a stereotaxic frame. 5 pl of a 60OHDA solution containing
150 g 60HDA as the HBr salt (Research Biochemicals Inc.) in an
ascorbate vehicle (0.02% ascorbate/saline) or 5 wl ascorbate
vehicle was delivered into the right lateral ventricle (anterior/pos-
terior=—3.8 mm, medial/lateral=—4.8 mm, dorsal/ven-
tral=—6.8 mm, relative to bregma) as described previously
(Carvey et al., 1994). This dose was chosen because our previous
studies have demonstrated that it was likely to produce a 50% DA
neuron depletion in the SN (Vu et al., 2000). The animals were
allowed to recover under a heating lamp, returned to their home
cages, and perfused transcardially 21 days later at P120 with
ice-cold saline. The brains were quickly removed and processed
for subsequent assessments as described previously (Vu et al.,
2000). Briefly, the frontal part of the brain (4 mm from the apex)
was isolated using a coronal knife cut, and kept for biochemistry
and cytokine studies. The posterior part of brain was submerged
in Zamboni’'s fixative (7.5% saturated picric acid, 12 mM
NaH,PO,, 88 mM Na,HPO,, and 4% paraformaldehyde) for im-
munocytochemistry studies. Two sets of tissue punches were
taken from the center of the left and right striatum, pooled and
passed to high performance liquid chromatography (HPLC) as-
sessment of DA and DA activity, or enzyme-linked immunosorbent
assay (ELISA) for assessment of TNFa and interleukin 18 (IL-1B).
IL-18 was assessed because it is also a pro-inflammatory cyto-
kine, and because our previous studies revealed that it was ele-
vated in animals exposed to LPS prenatally and killed at P10, but
was not elevated in animals killed at P21 (Ling et al., 2002a,b).

DA biochemistry

DA and its metabolite HVA were assessed using HPLC with
electrochemical detection in pooled (left and right) tissue punches
taken from the center of each striatum as previously described (Vu
etal., 2000). DA and HVA were expressed as ng/mg tissue protein
(assessed using the Biorad Protein Assay Kit), and the ratio of
[HVA]/[DA] was used as an index of DA activity.

ELISA for cytokine protein assessments

The pooled tissue punches from each striatum destined for cyto-
kine assessment were submerged in 200 wl homogenate buffer
(Trizma/HCl, pH 7.2, 0.1 M, sodium chloride 0.9%, EDTA 1 mM,
Aprotinin 2%, leupeptin 0.5 ng/ml, pepstatin 0.7 png/ml, phenyl-
methanesulfonyl fluoride 200 wM; all reagents obtained from
Sigma) and homogenized as described previously (Lipton et al.,
1999). To each tube, 200 pl homogenate buffer containing 0.5%
NP-40 (Sigma) was then added. The tubes were shaken, centri-
fuged (10,000 g for 15 min), and the supernatants collected. The
levels of TNFa and IL-1p were assessed in each supernatant by
an ELISA run according to the manufacturer's instructions (R & D
Systems, Minneapolis, MN, USA). The plates were read in a
Dynatech ELISA plate reader (Dynatech Laboratories, Chanlity,
VA, USA) and the concentrations of the cytokines were deter-
mined against a six-point standard curve. The protein content of
each supernatant was determined using the Bio-Rad Protein As-
say kit and the quantity of the cytokines was expressed as pg/mg
protein.

THir and NeuNir immunocytochemistry

The number of THir and NeuNir cells (a nuclear marker expressed
in most post-mitotic neurons (Mullen, 1992) were assessed using



Z. D. Ling et al. / Neuroscience 124 (2004) 619—-628 621

a stereological procedure (Vu et al., 2000). The entire mesen-
cephalon was sliced on a cryostat into consecutive 40 pm sec-
tions. Every sixth section was immunohistochemically processed
for TH as described previously (Vu et al., 2000; Ma et al., 1997)
using mouse anti-rat TH antibody (Immunostars, Stillwater, MN,
USA,; 1:20,000). The immunohistochemical procedure was con-
tinued by using a biotinylated horse anti-mouse IgG (0.5%; Vector
Laboratories, Burlingame, CA, USA) for 1 h then peroxidase con-
jugated avidin—biotin complex (Vector Laboratories) for 1 h. The
chromogen solution used to complete the reaction consisted of
0.05% 3,3'-diaminobenzidine, 0.5% nickel sulfate, and 0.003%
H,0, in I/A solution (10 mM imidazole/50 mM sodium acetate) to
obtain a jet-black stain. The NeuN antibody (1:5000; Chemicon,
Temecula, CA, USA) immunohistochemistry was performed in the
same series of sections, only the chromogen was developed
without nickel sulfate to generate a brown color. The sections
were washed, mounted on gelatin-coated slides, dehydrated
through graded alcohols, cleared in xylenes, and coverslipped
with Permount.

Stereology assessments

The estimation of the total number of THir and NeuNir neurons in
the SN and ventral tegmental area (VTA) was performed using the
computerized optical dissector method. This method allowed for
the stereological estimation of THir cells in the entire structure,
independent of size, shape, orientation, tissue shrinkage or ana-
tomical level using MicroBrightField software (Ling et al., 2002a).
Since the compacta region of the SN cannot be easily distin-
guished from the reticulata, the two regions were combined for
stereological assessment and designated SN. The VTA was iden-
tified as the region medial to the accessory optic tract and lateral
to the midline. In regions where the accessory optic tract was not
readily seen, the line connecting the most inferior point on the
dorsal curvature between the THir cells of the SN and the VTA and
the most superior point of the ventral curvature, represented the
lateral boundary of the VTA (see Fig. 3).

The antibody penetration throughout the whole tissue section
was assessed by dissectors using the imaging capture technique
(Emborg et al., 1998; Kordower et al., 1996; Ma et al., 1999a,b).
The total number (N) of SN or VTA neurons was calculated using
the formula N=N,, Vgy or vra, Where N, is the numerical density
and Vsy o vra iS the volume of the SN or VTA respectively, as
determined by Cavalieri’s principle (Cavalieri et al., 1966). The
MicroBrightField software was also used to determine the total
area of the SN and VTA as outlined by the blinded investigator
(volume in mm?®), the density of the cells in that volume (cell
counts/mm?), and the size of the cell bodies chosen for assess-
ment (um?; Ling et al., 2002a). After immunostaining and dehy-
dration, the thickness of sections varied from 18 to 20 um. The
thickness of each section was measured and this reading was
entered as a counting parameter. The upper and lower forbidden
layers (4 p.m) were eliminated from counting, leaving a 10-12 pm
thick section as the final thickness for stereological assessment.
This procedure ensures that cells layered on top of one another
within a section are accurately assessed.

Statistical analysis

The various measures were assessed using two-way ANOVA.
Differences between treatment groups were assessed using
Tukey's post hoc analysis run following one-way ANOVA for that
particular group. Pearson’s two-tailed test was used to statistically
correlate the cell count data with the biochemistry values. The
temperature data were analyzed using a repeated measures
ANOVA.

We have repeatedly shown that despite unilateral i.c.v. injec-
tion of 60HDA, it produces equivalent bilateral effects on DA cell
counts and DA biochemistry (Vu et al., 2000). Similarly, as also
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Fig. 1. Rectal body temperature in LPS- and HBSS-treated gravid
rats. The rectal temperature of each group is depicted prior to (0) and
following i.p. HBSS (circles) or LPS treatment (triangles) at E10.5.

reported previously (Ling et al., 2002a) prenatal LPS leads to
equivalent THir cell losses on both sides of the brain. As a result,
all results from the left and right sides were pooled (DA biochem-
istry and cytokine assessments) or combined (cell counts) for
statistical analysis.

RESULTS

Overall, the gravid dams tolerated the treatment protocol
without difficulty. A total of 13 dams were monitored for
rectal temperature fluctuations within the 24 h following
injection at E10.5. No significant alterations in body tem-
perature were noted (Fig. 1; F; ;,=0.589, P=0.459). Non-
gravid females and males injected with 10,000 EU/kg LPS
also failed to exhibit significant alterations in rectal temper-
ature (data not shown). Only animals giving birth at ap-
proximately E21.5-22, which was 9.5-10 days after initial
treatment (suggesting that the injection of LPS into the
gravid females occurred at approximately E10.5) were
accepted into the protocol. Neither the pup body weights
nor the litter sizes in the LPS- or saline-treated groups
were significantly different from one another (data not
shown). In the 60HDA lesion studies, one animal died
within 24 h of i.c.v. injection of 60HDAIn the LPS/60HDA
group. One of the ELISA determinations from the Saline/
Sham group had an unusually low protein content and the
sample was dropped from analysis. All other values were
used.

SN cell counts

The sections from the animals were immuno-stained for
TH and NeuN in an effort to determine if the THir cell loss
seen was a consequence of phenotypic suppression of TH
or actual cell loss. If prenatal LPS or postnatal 60HDA
suppressed TH expression, but did not actually kill THir
cells, then loss of THir cells would be associated with
increases in NeuNir cells and the two sets of cell counts
would be inversely correlated. If, on the other hand, THir
cell loss reflected death of cells, there would be a reduction
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Fig. 2. Double stain of THir and NeuNir neurons in the SN compacta.
This photomicrograph of the compacta region of the SN depicts the
typical staining pattern seen. Numerous large THir neurons were
observed (black cells with white +*) that had numerous processes with
varicosities typical of DA neurons (black arrows). Cells reacting to
NeuN were not developed with nickel enhancement and therefore
appear brown. The NeuN reacted primarily with the cell bodies of
non-dopaminergic cells (sampled cells are labeled with white *). (Mag-
nification Bar=15 pum).

in THir cells, no change in NeuNir cells, and the reduction
in THir cells would be positively correlated with the
changes seen in total cells.

The double stains of the mesencephalic sections re-
vealed clear segregation of the two different cell types that
readily allowed for stereological assessment (Fig. 2). THir
cells were jet black and exhibited fine, thread-like, exten-
sive processes with varicosities typical of DA neurons in
the compacta region of the SN. In contrast, the NeuNir
cells were rich brown, and since the NeuN immunoreacts
only with neuronal nuclei, there was no confusion between
cell types. The sum of the THir and NeuNir cell counts thus
generated the total neuron cell counts. In the compacta
and reticulata regions of the SN in the Saline/Sham control
animals, THir cells represented 33.17% of the total cell
counts.

Both prenatal LPS exposure and postnatal treatment
had significant effects on the apparent THir immunoreac-
tivity (Fig. 3) as well as the THir cell counts (Fig. 4). The
photomicrographs of the SN clearly reveled that the most
pronounced THir cell loss was present in the lateral re-
gions of the nigra, as well as the ventral regions of the
compact and within the reticulata. Both prenatal LPS and
postnatal 60HDA had this effect. However, postnatal treat-
ment with 60HDA in animals exposed to LPS prenatally,
produced a more profound THir cell loss. Statistically, the
effects of pre- and postnatal treatments were both highly
significant (prenatal exposure: F, ,,=35.036, P<0.001;
postnatal treatment: F, ,,=92.246, P<<0.001). In addition,
the pre- vs. postnatal treatment interaction was also sta-
tistically significant (F;,,=7.36, P=0.014). This, together
with an examination of the means, suggested that the
combined effects of prenatal LPS exposure and postnatal
toxin treatment produced a less than additive effect, albeit
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Fig. 3. Photomicrographs of the mesencephalons. Representative
photomicrographs (20X) of the right side of the mesencephalon of
animals exposed to the various combinations of treatments
(Sal=saline; Sham=Vehicle treatment). The sections depicted were
immunostained for TH only and were adjacent to those used to gen-
erate the data in Figs. 4 and 5. The white line transecting the stained
area in the Sal/Sham photomicrograph depicts the dividing point be-
tween the VTA (medial to) and the SN (lateral to).
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Fig. 4. Stereological cell counts from the SN. The mean THir, NeuNir,
and Total Cells (THir+NeuNir) cell counts from the four different
treatment groups are shown. Bars which share the same letter are
significantly different from one another (P<0.05). Sal=saline;
LPS=lipopolysaccharide; 60HDA=6-hydroxydopamine.
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Table 1. Stereology data on THir cells in the SN

Prenatal/postnatal Cell counts Density Volume (mm?®) Cell size (um?)
Saline/Sham 30,152+3,916%° 9,683+1,150%° 3.13+0.39* 180.77+13.51
LPS/Sham 20,293+2,0052¢ 7,734+1,118 2.64+0.23 174.43+16.00
Saline/60HDA 16,084+2,443° 8,819+920° 2.36+0.23 189.45+24.67
LPS/60HDA 12,423+1,933% 5,299+9342 2.35+0.16 227.70+22.10*

Values which share a common letter are significantly different from one another in the same column. * =P<0.05 relative to all other treatment groups

in the same column. LPS=lipopolysaccharide; 60HDA=6-hydroxydopamine.

significantly greater than either of the two treatments alone
(Fig. 4). The LPS/Sham animals exhibited a 32.7% de-
crease in THir cells, which was significantly reduced rela-
tive to control animals. The Saline/60HDA animals simi-
larly exhibited a statistically significant 46.7% THir cell
count reduction, which was in excellent agreement with the
50% cell loss anticipated from the 150 g dose of 60OHDA
injected. However, the combined effects of prenatal LPS
and postnatal 60HDA resulted in further statistically sig-
nificant cell loss (58.8% decrease). As anticipated, the
density of the THir cells decreased proportionately with cell
loss (Table 1). Interestingly, the cross-sectional cell size of
the THir cells was dramatically increased (P<0.05) in the
animals exposed to LPS prenatally and injected with
60HDA postnatally. No other pair-wise comparisons were
statistically significant.

In contrast to the effects of pre- and postnatal treat-
ment on THir cell counts, neither of these treatments pro-
duced significant changes in the SN NeuNir cell counts
(prenatal exposure: F; ,,=0.034; postnatal treatment:
F, ,,=1.971). Prenatal treatment did not affect total cell
counts (i.e. THir+NeuNir: F, ,,=2.188, P=0.156), while
postnatal treatment did reduce the total number of cells
slightly (F, ,,=11.697, P=0.003) probably reflecting the
significant loss of THir cells. The only statistically signifi-
cant pair-wise comparison for total cells was between the
control animals and the LPS/60HDA animals. Pearson’s
two-tailed test revealed that the THir cell counts and Neu-
Nir were not significantly correlated (r?=0.162), whereas
the THir and the total cell counts were (r?=0.622;
P=0.001), suggesting that the THir cell loss seen was not
simply phenotypic suppression, but actual cell loss.

VTA cell counts

Cell counts in the VTA were assessed in an effort to
determine if the prenatal or postnatal treatments produced
similar effects to those seen in the SN. Although cell losses
were seen in the VTA, the overall effects were significantly
less obvious than those seen in the SN (Fig. 3). In the VTA,
the average THir cell count was 18,723 in the Saline/Sham
group which was 37.8% lower than that seen in the SN.
However, the number of THir cells represented 70.75% of
the total cells. This percentage is significantly higher than
that seen in the SN (33.17%), and likely reflects the fact
that the total cell counts for the SN were combined from the
THir-rich compacta and THir-poor reticulata region. Re-
gardless, approximately 30% of the cells in the VTA were
non-dopaminergic.

Both pre- (F,,,=4.884; P=0.04) and postnatal
(F1,2,=6.081; P=0.024) treatments had a statistically sig-
nificant effect on the VTA THir cells counts, although the
magnitudes of the effects were less than those seen in the
SN (Fig. 5). THir cell counts were only reduced by 10.97%
by prenatal LPS exposure and 12.2% by 60HDA, neither
of which was significantly reduced relative to controls. The
combined effects of both treatments led to a THir cell
reduction of only 22.4%, although pair-wise comparisons
revealed that this value was significantly reduced relative
to the Saline/Sham group. Unlike the effects seen in the
SN, the interaction between pre- and postnatal treatments
was not statistically significant (F; ,,=0.006), suggesting
that both pre- and postnatal treatment contributed equally
to the cell loss seen. Prenatal treatment did not alter Neu-
Nir cell counts, although the effect of postnatal treatment
was statistically different (F, ,,=11.26; P=0.004). Total
cells were similarly affected only by postnatal treatment
(F1,2,=10.997; P=0.004), while no other statistically sig-
nificant effects were seen.

Striatal DA biochemistry

Striatal DA measurements were made in order to deter-
mine if any changes in mesencephalic cell counts were
associated with biochemical changes in this target struc-
ture. The mean striatal DA content of 221 ng/mg protein in
the Saline/Sham group was in excellent agreement with
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Fig. 5. Stereological cell counts from the VTA. The mean THir, Neu-
Nir, and Total Cells (THir+NeuNir) cell counts from the four different
treatment groups are shown. Bars which share the same letter are
significantly different from one another (P<0.05). Sal=saline;
LPS=lipopolysaccharide; 60HDA=6-hydroxydopamine.
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Table 2. Striatal biochemistry and TNFa levels in the four treatment groups

Prenatal/postnatal DA HVA HVA/DA ratio Mean striatal TNFa
(ng/mg protein) (ng/mg protein) (pg/mg protein)
Saline/Sham 211.51+9.96* 21.93+1.63" 0.099+0.0072 71.49+6.262
LPS/Sham 186.70+18.13* 19.79+2.18° 0.107+0.014¢ 92.65+4.85%
Saline/60HDA 116.05+9.45% 16.33+0.76 0.141+0.008¢ 86.81+20.13°
LPS/60HDA 73.65+34.522 13.31%3.73% 0.193+0.040%° 129.90+23.62%°

Values which share a common letter are significantly different from one another (P<<0.05 relative to all other treatment groups in the same column).
The mean striatal levels for each of the measures were determined from pooled (left and right) tissue punches taken from each of the four treatment

groups. LPS=lipopolysaccharide; 60HDA=6-hydroxydopamine.

normal levels seen in several previous studies from our
laboratory (Vu et al., 2000). Similar to the results seen for
the cell counts in the SN, both prenatal (F,; ,,=21.998;
P<0.001) and postnatal treatments (F;,,=176.18;
P<0.001) had statistically significant effects on striatal DA,
but unlike the SN cell count data, the interaction term was
not significantly altered (Table 2). DA levels in the striatum
of the animals exposed to LPS prenatally were reduced
11.7%, while postnatal 60HDA treatment led to a more
pronounced 45.16% DA loss. The combined effects of
prenatal LPS exposure and postnatal 60HDA led to a
65.1% DA loss. All four treatment groups were significantly
different from one another. The DA levels in the striatum
were highly correlated with the THir cell counts in the SN
(r*=0.833; P<0.001). Similar reductions were seen in
HVA levels (Table 2).

DA activity (i.e. [HVA]J/[DA]) is a widely used index of
DA release (Thiblin et al., 1999; D’'Astous et al., 2003;
Yurek et al., 1998) with increases in this ratio ostensibly
reflecting increased DA release and metabolism to HVA.
The effects on DA activity were opposite to those seen on
DA (Table 2). The ratio in the Saline/Sham animals was
0.099, while the effects of prenatal LPS increased the ratio
only 7.7% (P>0.05), yet the overall effects of prenatal
treatment were significantly altered (F, ,,=12.066;
P=0.003). Postnatal 60HDA increased the ratio by 42.3%
(F1,22=56.29; P<0.001), while the combined effects of
both treatments increased the ratio dramatically (95.15%)
yielding a significant interaction term (F;,,=6.733;
P=0.017) consistent with a super-additive effect of prena-
tal and postnatal treatments on this index.

Striatal cytokine protein levels

Cytokine levels were assessed in the striatum to determine
if prenatal LPS was associated with long-term elevations in
TNFa, and if the combined effects of prenatal LPS and
postnatal 60HDA produced further increases in this pro-
inflammatory cytokine. IL-1B levels were also assessed in
striatal tissue punches. However, ELISA determinations
revealed that all IL-1B levels were below the lower level of
guantification (lower level of quantification=5 pg/ml lysate)
for the cytokine kit. In contrast, levels of TNFa were not
only detected in all samples studied, but significantly in-
creased by the respective treatments (Table 2). Thus,
prenatal LPS exposure led to a statistically significant in-
crease of 29.61% (F,,;=16.41;, P<0.001), and while
TNFa levels in the striatum of animals treated with 60HDA

were only 21.4% increased (P>0.05), postnatal treatment
overall was statistically significant (F; ,,=24.51;
P<0.001). The combined effects of prenatal LPS exposure
and postnatal 60HDA led to a 81.71% increase in TNFa
although the interaction term between pre- and postnatal
treatments was not statistically significant (F5,,=2.85),
suggesting that both pre- and postnatal treatments contrib-
uted equally to the overall increases seen.

DISCUSSION

Overall, the effects seen in the present study confirm those
seen at P10 and P21 in that the prenatal LPS-induced THir
cell losses reported in younger animals were still present in
P120 animals. This suggests that prenatal LPS treatment
produces long-lived effects in the mesencephalon. Simi-
larly, the reductions in DA and increases in DA activity
seen at P10 and P21 were still present at P120 as would
be suggested by the THir cell losses seen at all time points.
TNFa protein levels were also statistically elevated in an-
imals prenatally treated with LPS as was also seen in
animals killed at P10 and 21. This later point is significant
given the fact that TNFa is known to be increased in the
brains of patients with PD (Boka et al., 1994; Hunot et al.,
1999). In contrast, IL-1B levels were elevated in the stria-
tum of P10 animals, but not in P21 animals. In animals
killed at P120, these levels were not even detectable,
suggesting that the IL-1B elevations seen in younger ani-
mals in response to prenatal LPS exposure were transient.

THir cell loss vs phenotype suppression

The THir and NeuNir cell count data supports our previous
assertion that LPS produces actual DA neuron cell loss,
and not just phenotypic suppression. Prior studies have
shown that neurotrophic factors can rescue THir cells in
the SN of animals treated with 60OHDA (Bowenkamp et al.,
1995, 1996; Kearns and Gash, 1995; Winkler et al., 1996).
These studies suggested that simply assessing THir cell
counts can give the false impression that THir cell loss is
indicative of DA neuron death. However, combining TH
staining with NeuN staining, as was done in the present
study, circumvents this problem. So, if the effect of prena-
tal LPS was simply to suppress TH expression and not kill
the cell, the number of THir cell counts would have de-
creased while the NeuNir cell counts in that same animal
would have increased proportionately. This was clearly not
the case, and therefore argues that the decreases in the
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THir cell counts seen in the P10, P21 and P120 animals
reflect the birth of animals with fewer than normal DA
neurons.

Pattern of cell loss

The current findings demonstrate that the pattern of LPS-
induced DA cell loss is not only preferentially in the lateral
nigra, its ventral tier, and in the reticulata, but that the cells
of the VTA are relatively spared. Thus, despite the fact that
prenatal LPS produced a 33% DA cell loss in the SN, the
magnitude of the DA cell loss in the VTA was only 11%.
The pattern of cell loss in the SN together with the appar-
ent reduced sensitivity of the VTA is significant because it
is similar to the cell loss pattern seen in the mesencepha-
lon of PD patients (Javoy-Agid et al., 1981; Hornykiewicz
and Kish, 1987). Furthermore, the decreases in striatal DA
and HVA, and increases in DA activity in the animals
exposed to LPS prenatally, are similar to those seen in PD
patients. This is significant since an increase in the DA
activity ratio implies increased DA metabolism, which is
thought to lead to increased free radical production and
further compromises in DA neuron function (Jenner, 1998).
This, together with the increases in the TNFa seen in these
animals, could lead to further DA neuron loss over time.

Absolute THir cell counts in control animals

In the current study, the average number of THir cells in
the SN of control animals was 30,152 and in the VTA,
18,732. Previously, Banrezes et al. (2001) reported num-
bers of 13,518 and 20,372, respectively, while German
and Manaye (1993) reported 20,912 and 20,418, respec-
tively. Our average total THir cell count of 48,500 is not
dramatically different from that of German and Manaye
(1993), but significantly larger than that reported by Ban-
rezes et al. (2001). These differences could reflect differ-
ences in animal strain, counting techniques, antibody pen-
etration, and sampling issues. However, a major discrep-
ancy occurs in the cell numbers of cells in the SN relative
to the VTA. In the present study we designated the SN as
the stained cells lateral to the accessory optic track or,
when this landmark was not present, lateral to a line con-
necting the most inferior point on the dorsal curvature
between the THir cells of the SN and the VTA and the most
superior point of the ventral curvature. This could under
and over-estimate SN cells in some sections which could
have contributed to the differences in the cell counts seen.
In addition, and of greatest importance, is that we routinely
included the lateral regions of the parabrachial pigmented
nucleus with our SN assessments. Located immediately
dorsal to the compacta (Rodriguez et al., 2001), including
this cell-rich, probable A10 region could easily lead to
over-estimation of the THir cell counts. Regardless, it was
still noteworthy that in both structures, a large percentage
of the cells were not THir. This was particularly true in the
SN where the non-THir cells counted in the reticulata likely
contributed to the low percentage of THir cells. However,
even in the compacta where Fig. 2 was taken, it was clear
that a large number of cells (NeuNir) in the compacta
region were not dopaminergic and likely GABA neurons.

Regardless, statistical analysis revealed that the number
of NeuNir cells was not affected by any of the treatments
employed suggesting that the toxicity of both prenatal LPS
and postnatal i.c.v. 60HDA were specific to the DA
neuron.

Effects of pre- and postnatal toxin exposures on THir
cells

The elevations in TNFa seen in P10 and P21 animals as a
result of prenatal LPS exposure, together with the reduced
numbers of THir cells, suggested that such animals would
be more susceptible to the effects of DA neurotoxins.
Since 60HDA is thought to induce THir cell loss, at least in
part, through increased TNFa (Nagatsu et al., 2000; Cic-
chetti et al., 2002), we hypothesized that inflammatory
synergy between the effects of prenatal LPS and postnatal
neurotoxin exposure would produce a greater THir cell loss
than LPS or 60HDA exposure alone. Interestingly, the
results from the present study do not support this hypoth-
esis. Although 60HDA treatment led to DA cell loss in the
SN and decreased DA in the striatum, the combined ef-
fects of prenatal LPS exposure and postnatal 60HDA
treatment did not lead to greater than expected THir cell
loss. The interaction term for THir cell loss and examina-
tion of the group means argued that the combined effects
of the two toxins were less than additive. This might sug-
gest that prenatal LPS exposure conferred partial resis-
tance to subsequent 60HDA exposure. Thus, DA neurons
within the mesencephalon remaining after prenatal LPS
exposure might be less susceptible to 60HDA, or repre-
sent a different subtype of DA neuron that is more resistant
to this neurotoxin (e.g. calbindin ir; Rodriguez, 2003). How-
ever, although the combined effects of LPS and 60HDA on
DA cell counts were less than additive, the effects on DA
and TNFa were additive, and the effects on DA activity
were synergistic. Thus, further studies on the interactions
between prenatal LPS and postnatal toxin exposure are
warranted in order to adequately characterize the true
nature of multiple toxin exposures. These should include
time-course studies as well as studies in older animals,
both of which could influence the nature of the interaction.
Regardless, the data clearly show that animals born with
fewer than normal DA neurons will exhibit further loss of
DA neurons following exposure to a second toxin like
60HDA in adult life. This suggests that animals born with
fewer than normal DA neurons are at greater risk for
compromised DA function in response to subsequent neu-
rotoxin exposure. This is consistent with the often consid-
ered notion that several factors might contribute to PD
(multifactorial), but that cell loss sufficient to produce PD
may require multiple exposures (“multiple hit” concept; Di
Monte et al., 2002). Therefore, whether the effect of mul-
tiple exposures to environmental toxins is additive or syn-
ergistic, the end result is greater compromise to DA func-
tion and subsequent increased risk for PD. A study by Gao
and colleagues (2003) demonstrated that combining the
effects of LPS and the DA neurotoxin rotenone produced
synergistic DA neuron loss in tissue culture. They also
demonstrated that whether or not an additive or synergistic
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effect was produced, was a consequence of dosage and
duration of treatment with optimal synergistic effects being
seen at low dosages for longer durations (Gao et al.,
2003). Thus it is possible that had the animals been ex-
posed to a lower dosage of 60HDA or had the kill interval
been extended longer than three weeks, a synergism may
have been seen.

Interestingly, the cell body sizes of the DA neurons in
the combined treatment group were significantly enlarged
relative to all other treatment groups. We interpret this
increase to indicate compensatory increases in neuronal
activity and function of remaining neurons, since we have
also seen it previously in response to DA depletion-in-
duced increased trophic activity (Vu et al., 2000). If so,
then had a larger dosage of 60HDA been used, or had
exposure occurred in older animals where compensatory
capacity is attenuated (Ling et al., 2000), a more profound
cell loss might have occurred. Regardless, the data clearly
shows that animals born with fewer than normal DA neu-
rons will exhibit further loss of DA neurons following expo-
sure to a second toxin like 60HDA in adult life.

Effects of pre- and postnatal toxin exposures on
striatal TNFa levels

The striatal TNFa levels were not increased statistically in
the group treated with 60HDA alone. Previous studies
(Mogi et al., 1999, 2000) showed that 60HDA led to in-
creased levels of striatal TNFa. Failure to detect changes
in TNFa in response to 60HDA in the present study could
simply reflect differences in dosage and the time to Kill
between the two studies. Regardless, the combined ef-
fects of both prenatal LPS and postnatal 60HDA did pro-
duce a dramatic 82% increase in TNFa within the striatum.
Again, however, this increase was at best additive. Despite
this lack of synergism, it is remarkable that a single injec-
tion of LPS into a gravid female at E10.5 produced in-
creases in TNFa in her offspring that lasted 132 days. If
this increase were to continue into advanced age, it is
possible that the combined effects of reduced compensa-
tory activity associated with aging (Yurek and Fletcher-
Turner, 2001; Calne and Peppard, 1987) together with the
reduced anti-inflammatory environment seen in the aged
brain (Saurwein-Teissl et al., 2000) might then combine to
produce synergistic DA cell losses.

Body temperature of LPS-exposed gravid females

The mechanism(s) responsible for the LPS induced DA
cell loss are unknown at this time, although the data from
the P21 animals (Ling et al., 2002b) suggested that the DA
neuron loss seen was likely not a consequence of alter-
ations of programmed cell death (apoptotic culling) during
development. However, since LPS is a well known inducer
of hyperthermia, it was possible that the DA neuron loss
seen in the animals was a consequence of hyperthermia,
which is a known generalized teratogen (Edwards, 2003)
and known to alter neurotransmitters systems (Colado et
al., 1999) including DA (Albers and Sonsalla, 1995). How-
ever, the results indicated only transient body temperature
fluctuations in some LPS-treated gravid dams that were

short-lived and not statistically significant. The inability of
LPS to alter body temperature was not a function of gender
or gravidity, since neither male rats nor non-gravid fe-
males, respectively, exhibited alterations in rectal temper-
ature in response to LPS. The failure of LPS to induce the
expected increases in body temperature has been de-
scribed previously (Fraifeld and Kaplanski, 1998), and was
likely a consequence of the very low dosage used in the
present study relative to those typically used to produce
hyperthermia. Other factors associated with the LPS-in-
duced DA neuron loss that are currently being considered
are alterations in the DA neuron progenitor cell population
and alterations in fetal TNFa transcription in glia within the
developing brain. Regardless, prenatal LPS does appear
to produce long-lived reductions in DA cell counts in the
mesencephalon coupled with DA biochemical alterations
and increases in TNFa that are similar to those seen in
patients with PD.

Implications for PD

The current results suggest that prenatal LPS exposure
may serve as a risk factor for PD. That prenatal LPS could
be a potential risk factor for PD becomes more plausible
given that a common condition of pregnancy, BV, leads to
fetal LPS exposure. Approximately 14% of pregnant
women have BV (Thorsen et al., 1998). Numerous studies
have consistently shown that BV leads to increased levels
of IL-1a/B, IL-6, and TNF-« in the chorioamniotic environ-
ment (Dammann and Leviton, 1997; Purwar et al., 2001,
Haefner, 1999; Romero et al., 1989). Moreover BV is
known to affect the CNS and has been associated with
white matter damage (periventricular leukomalacia), intra-
ventricular hemorrhage, and cerebral palsy (Dammann
and Leviton, 1997, 1998; Dammann et al., 2002; Yoon et
al., 1997). Thus, it is likely that the brains of many patients
who reach adult age will have been exposed to LPS pre-
natally, and the results from the present study suggest that
even mild exposure can disrupt normal DA neuron devel-
opment when that exposure occurs just prior to the devel-
opment of the DA neuron. Although it is intriguing to spec-
ulate that such patients might exhibit progressive loss of
DA neurons which could lead to PD in advanced age, it
seems more likely that such individuals would be at in-
creased risk to the DA-depleting effects of DA neurotoxin
exposure encountered in later life. This would support the
notion that PD is a consequence of exposure to multiple
environmental toxins, and further suggests that prenatal
toxin exposure should be considered in the pathogenesis
of PD. If prenatal LPS exposure is taken into consideration,
it could then be argued that the adult toxin dosages
needed to produce clinically significant DA depletion in
later life might not need to be as large as previously
thought, elevating the potential role of environmental DA
toxins in the etiopathogenesis of PD.
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Abstract

We previously demonstrated that treating gravid female rats with the bacteriotoxin lipopolysaccharide (LPS) led to the birth of offspring
with fewer than normal dopamine (DA) neurons. This DA neuron loss was long-lived and associated with permanent increases in the pro-
inflammatory cytokine tumor necrosis factor alpha (TNFa). Because of this pro-inflammatory state, we hypothesized that these animals
would be more susceptible to subsequent exposure of DA neurotoxins. We tested this hypothesis by treating female Sprague—Dawley rats
exposed to LPS or saline prenatally with a subtoxic dose of the DA neurotoxin rotenone (1.25 mg/kg per day) or vehicle for 14 days when
they were 16 months old. After another 14 days, the animals were sacrificed. Tyrosine hydroxylase-immunoreactive (THir) cell counts were
used as an index of DA neuron survival. Animals exposed to LPS prenatally or rotenone postnatally exhibited a 22% and 3%, respectively,
decrease in THir cell counts relative to controls. The combined effects of prenatal LPS and postnatal rotenone exposure produced a
synergistic 39% THir cell loss relative to controls. This loss was associated with decreased striatal DA and increased striatal DA activity
([HVAJ/[DA]) and TNFa. Animals exposed to LPS prenatally exhibited a marked increase in the number of reactive microglia that was
further increased by rotenone exposure. Prenatal LPS exposure also led to increased levels of oxidized proteins and the formation of «-
Synuclein and eosin positive inclusions resembling Lewy bodies. These results suggest that exposure to low doses of an environmental
neurotoxin like rotenone can produce synergistic DA neuron losses in animals with a preexisting pro-inflammatory state. This supports the
notion that Parkinson’s disease (PD) may be caused by multiple factors and the result of “multiple hits” from environmental toxins.
© 2004 Elsevier Inc. All rights reserved.
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Introduction

Environmental factors are thought to contribute to the
development of nonfamilial Parkinson’s disease (PD). Von
Economo’s pan encephalitis (Casals et al., 1998) and
manganese (Zheng et al., 1998) are considered long-
standing members of a growing list of risk factors, while
more recent additions include pesticides and fungicides
such as dieldrin (Corrigan et al., 2000) and maneb
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(Thiruchelvam et al., 2000), respectively (see Adams
and Odunze, 1991; Dawson et al., 1995; Di Monte, 2003;
for reviews). That environmental factors serve as risk
factors for PD was formalized by Calne and Langston
(1983). They proposed that exposure to an environmental
toxin such as 1-methyl, 4-phenyl, 1,2,3,6 tetrahydropyr-
idine (MPTP) killed a portion of the DA neurons; but not
enough cells were lost to produce PD. However, addi-
tional age-related DA neuron losses eventually produced
sufficient cell losses to cause clinical symptoms. Unfortu-
nately, the vast majority of PD patients cannot identify a
specific exposure in their past that was sufficient enough
to produce their disease. Although this might suggest that
environmental factors are not responsible, it might also
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imply the involvement of low doses of toxins acting
synergistically. This latter possibility is consistent with the
emerging hypothesis that the cause of PD is multifactorial
and a result of interacting “multiple hits” involving
different toxins (Di Monte, 2003) or gene-toxin inter-
actions (Greenamyre et al., 2003; Le Couteur et al.,
2002).

The multiple hit hypothesis is attractive because it raises
the possibility of synergistic interactions. This would imply
that toxin exposure levels could be low or sporadic, and
therefore difficult to detect epidemiologically. It has been
widely assumed that these exposures occurred during adult
life. However, we previously demonstrated that exposure to
a low dose of the bacteriotoxin lipopolysaccharide (LPS)
during a critical window of vulnerability during fetal
development led to the birth of rat pups with fewer than
normal DA neurons (Ling et al., 2002a,b). This suggests
toxin exposure relevant to PD can also occur in utero. Such
exposure frequently occurs in humans as a result of
bacterial vaginosis (Dammann and Leviton, 1998; Paige
et al., 1998), which is known to complicate approximately
14% of normal births (Thorsen et al., 1998). Interestingly,
animals born following prenatal exposure to LPS have
long-lived elevations in the pro-inflammatory cytokine
tumor necrosis factor alpha (TNFa). This is potentially
significant because TNFa can kill DA neurons (McGuire
et al., 2001), is increased by several DA neurotoxins
(Hornykiewicz and Kish, 1987; Nagatsu et al., 2000), and
is elevated in the brains of patients with PD (Boka et al.,
1994; Mogi et al.,, 2000a). If animals exposed to LPS
prenatally were exposed as adults to a neurotoxin that
increased TNFa or other pro-inflammatory factors, syner-
gistic DA neuron loss might occur.

We previously tested this hypothesis in vivo. Four-
month-old male rats exposed to LPS prenatally received a
moderate dose of the DA neurotoxin 6-hydroxydopamine
(60OHDA; icv) (Ling et al., 2004). Both prenatal LPS
exposure and postnatal 60HDA produced significant DA
neuron losses, although the combined effects of both
factors were, at best, additive. Although the results
supported the hypothesis that “multiple hits” to the DA
system can combine to produce significant DA neuron
loss, synergism was not seen. The young age of animals
and the toxin used were discussed as possible reasons why
synergistic cell losses were not seen. In the present study,
we evaluated a different DA neurotoxin, the complex I
inhibitor rotenone (Fiskum et al., 2003; Sherer et al.,
2003), and evaluated it in aged female rats (17 months old)
to explore the possibility of synergistic cell loss further.
Rotenone is a pesticide that is found naturally in the
environment and has been distributed even more widely by
man (Gosalvez, 1983; Soloway, 1976). It selectively Kkills
DA neurons in rats (Betarbet et al., 2000, 2002). Here we
show that synergistic DA neuron losses do result from
exposure to rotenone in animals treated with LPS
prenatally.

Materials and methods
Animals

Thirty-six timed-gravid, Sprague—Dawley (Zivic-Miller,
Allison Park, PA) female rats were delivered to Rush’s
animal facility at gestational day nine + 12 h. All animals
and their offspring were allowed access to food and water
ad libitum and were maintained in an environmentally
regulated animal facility for the duration of the study
(lights on 0600-1800). The survival surgery was carried
out under ketamine and xylazine anesthesia to minimize
pain. The protocols and procedures used in these studies
were approved by the Institutional Animal Care and
Utilization Committee (IACUC) of Rush University.

Prenatal treatments and postnatal groupings

LPS was purchased from Sigma (St. Louis) and
dissolved in saline (Hank’s balanced salt solution (HBSS))
at 10,000 endotoxin units (EU)/ml. At embryonic day (E)
10.5, each gravid female received a single injection
(intraperitoneal) of either 10,000 EU/kg LPS or HBSS (1
ml/kg; n = 18 for each group). This very low dose of LPS
was chosen based on prior studies where it was shown to
be well tolerated, did not produce fetal demise (Ling et al.,
2000), and did not increase the gravid female’s body
temperature (Ling et al., 2004). All the animals were
monitored daily for obtundation or other signs of distress,
and were allowed to deliver their pups normally. The pups
were weaned at P21 and housed two per cage with same-
sex partners.

The offsprings from these gravid females were used in
several studies. In the present study, 32 female offsprings
were used. Fourteen of the 32 animals were from seven
different litters that had been exposed to saline (Sal)
prenatally and litter pairs were randomly assigned to one of
two postnatal treatment groups. One group received
rotenone (Rot) infusion (Sal/Rot; n = 7) and the other
group received vehicle (Veh) infusion (Sal/Veh; n = 7).
Fourteen animals from seven different litters that had been
exposed to LPS prenatally were similarly randomly
assigned to the two postnatal treatment groups (LPS/Rot;
n = 7) or vehicle infusions (LPS/Veh; n = 7). Additional
two female littermates from each prenatal treatment group
were sacrificed and assessed using OxyBlot analysis when
they were 16 months old.

Intrajugular rotenone infusion

Rotenone (Sigma) was dissolved in a dimethyl sulph-
oxide and polyethylene glycol vehicle [DMSO/PEG (1:1)].
Jugular cannulation (right side in all animals) was
performed as described previously (Betarbet et al., 2000)
under ketamine (100 mg/kg) and xylazine (5 mg/kg)
anesthesia. The cannulae were attached to Alzet osmotic
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minipumps (2ML1, Alzet Osmotic Pumps, Cupertino, CA)
implanted subcutaneously in the napes of the neck. The
pumps were designed to deliver 1.25 mg rotenone/kg per
day or vehicle for 14 days. At the end of 14 days, the
pumps were removed and the skin was sutured. Animals
were allowed to recover for an additional 14 days to
provide time for development of a stable lesion. After 14
days they were injected with pentobarbital (65 mg/kg;
Sigma). Once fully anesthetized, the abdomens were
opened, the chests invaded, and the brains perfused with
ice-cold saline following insertion of a standard feeding
tube (attached to a saline reservoir) into the left common
carotid with the vena cava and aorta clamped. Following
perfusion, the brains were removed and frozen immediately
by immersion in dry ice-cooled 2-methylbutane. Once
frozen, the frontal part of the brain (containing the
striatum) was cut off and passed to enzyme-linked
immunosorbent assay (ELISA) and DA biochemistry. The
posterior part of brain (containing the mesencephalon) was
immediately submerged in Zamboni’s fixative (7.5%
saturated picric acid, 12 mM NaH,PO,, 88 mM Na,HPO,,
and 4% paraformaldehyde) for stereology studies. Animals
destined for assessment using OxyBlot were sacrificed
using the same protocol and perfused. However, the entire
brain was frozen.

Tyrosine hydroxylase and microglia immunohistochemistry

Tyrosine hydroxylase (TH) is the rate-limiting, DA-
producing enzyme in DA neurons and is widely used as an
index of DA neurons (Fishell and Van Der, 1989). The
number of TH immunoreactive (THir) cells was assessed
using a stereological procedure described in detail elsewhere
(Ma et al, 1997; Vu et al., 2000). Briefly, the entire
mesencephalon was sliced on a cryostat into consecutive 40-
um sections. Every sixth section was immunohistochemi-
cally processed for TH using mouse anti-rat TH antibody
overnight (Immunostar, Stillwater MN; 1:20,000). The
endogenous peroxidase activity was eliminated using a 1-h
incubation with 0.1% periodate. The immunohistochemical
procedure was continued by using a biotinylated horse
anti-mouse IgG (0.5%; Vector Laboratories, Burlingame
CA) for 1 h and peroxidase conjugated avidin—biotin
complex (Vector Laboratories) for 1 h. The chromogen
solution used to complete the reaction consisted of 0.05%
3,3/-diaminobenzidine (DAB), 0.5% nickel sulfate, and
0.003% H,0, in I/A solution (10 mM imidazole/50 mM
sodium acetate) to obtain a black stain. The sections were
washed, mounted on gelatin-coated slides, dehydrated
through graded alcohols, cleared in xylenes, and cover-
slipped with Permount.

Reactive microglia were revealed using the major
histocompatibility complex class II (MHC II) immunoreac-
tivity marker (Ox-6) (Ng and Ling, 1997; Shigematsu et al.,
1992). MHC II immunohistochemistry was performed using
a primary antibody purchased from NOVUS Biologicals

(Littleton, CO). Mesencephalic sections were immuno-
stained overnight using Ox-6 (diluted 1:5,000). The sections
were then processed using the secondary antibody as
described above for TH.

Stereology

The estimation of the total number of THir neurons in the
SN was determined using the computerized optical dissector
method, which allows for the stereological estimation of
THir cells in the entire structure independent of size, shape,
orientation, tissue shrinkage, or anatomical level using
MicroBrightField software (Ling et al., 2004). The antibody
penetration throughout the whole tissue section was
assessed by dissectors using an imaging capture technique
(Kordower, 1996; Ma et al., 1999). The total number (N) of
SN neurons was calculated using the formula N = Ny * Vg,
where Ny is the numerical density and Vgy is the volume of
the SN, as determined by Cavalieri’s principle. The Micro-
BrightField software was also used to determine the total
volume of the SN (in mm?), the density of the cells in that
volume (cell counts/mm”), and the cell body size (um?).

The SN was segregated from the ventral tegmental area
for stereology as described previously (Ling et al., 2004).
Briefly, the cells lateral to the accessory optic track were
designated as SN, while those medial to the track were
considered part of the ventral tegmental area (see Fig. 2).

Biochemistry

DA and its metabolite homovanillic acid (HVA) were
measured using HPLC (Lipton et al., 2002) with electro-
chemical detection in pooled (left and right) tissue punches
taken from the center of each striatum as previously
described (Vu et al., 2000). DA and HVA were expressed
as ng/mg tissue protein (assessed using the Bio-Rad Protein
Assay Kit) and the ratio of [HVA]/[DA] was used as an
index of DA activity.

Cytokine assessments using ELISA

The cytokine levels were determined as previously
described (Ling et al., 2000). Briefly, pooled tissue punches
from the left and right striata were submerged in 200 ul
homogenate buffer (Trizma/HCI pH 7.2, 0.1 M, sodium
chloride 0.9%, Aprotinin 2%, leupeptin 0.5 pg/ml, pepstatin
0.7 pg/ml, and PMSF 200 pM; all reagents were purchased
from Sigma) and homogenized. To each tube, 200-ul
homogenate buffer containing 0.5% NP-40 (Sigma) was
then added. The tubes were shaken, centrifuged (10,000 x
2), and the supernatants collected. The levels of TNFa were
assessed in each supernatant by an ELISA that was run
according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN). The plates were read in a Dynatech
ELISA plate reader (Dynatech Laboratories, Chanlity, VA)
and the concentrations of the cytokines were determined
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against a six-point standard curve. The total protein content
of each homogenate was determined using the Bio-Rad
Protein Assay kit and the quantity of TNFa was expressed
as pg/mg total protein.

OxyBlot

Four females, two exposed to LPS prenatally and two
exposed to saline, were left in the colony after assigning
the other animals to their respective treatment groups. Even
though we did not have sufficient animals to perform a
formal study, we evaluated the relative levels of oxidized
protein in the striata and mesencephalons of these animals
using the Oxyblot technique. The OxyBlot technique
assesses total protein oxidation and was performed
according to the manufacturer’s instructions (Intergen,
Purchase, NY). Briefly, the striata and mesencephalons
from each animal were dissected out and homogenized in
lysis buffer containing NP-40 detergent, 2-Me, and
proteinase inhibitors. The homogenate was adjusted to 2
ng/ul of protein concentration. Protein was derivatized in a
2,4-dinitriphenylhydrazine (DNPH) solution or control
solution for 20 min and neutralized. The samples were
loaded onto a 12% polyacrylamide gel. Upon completion
of electrophoresis, the protein was blotted overnight onto a
piece of nitrocellulose membrane. The membranes then
were blocked with a 2% fat-free dry milk/TBS solution
followed by sequential incubations with primary and
secondary antibodies that were conjugated with horseradish
peroxidase enzyme. The protein bands were visualized in a
dark room following exposure of X-ray films to the
membranes incubated with chemiluminescent reagent
(Pharmigen).

a-Synuclein immunohistochemistry and H and E staining

The protocol used for a-Synuclein immunohistochemis-
try was the same as that used for THir immunohistochem-
istry except anti-a-Synuclein (1:1,000; Pharmingen) was
used as a primary antibody and the DAB was not nickel
enhanced. For hematoxylin and eosin (H and E; Sigma)
staining, tissue sections were mounted onto coated slides
and sequentially stained in hematoxylin and eosin according
to the manufacturer’s protocol (Sigma). All sections were
covered with Permount and cover slips.

Statistics

All data were expressed as the mean + SD. Initial
examination of the data revealed that the variances across
groups were not homogeneous and therefore the raw data
were transformed using a log scale after which homogeneity
was achieved. The data were then analyzed using two-way
ANOVA with prenatal treatment (LPS vs. HBSS) and
postnatal treatment (Rot vs. Veh) as factors. Individual

differences between treatment groups were determined

using Tukey’s HSD post hoc test following one-way
ANOVA with significance accepted if P < 0.05. Because
the biochemical and cell count data were gathered from the
same brains, it was possible to determine the relationship, if
any, between these two variables. Pearson correlation of
striatal DA and THir cell count data was assessed using two-
tailed test.

Results
Animals

Overall, the animals tolerated the LPS treatments
without difficulty. At birth, the female pups were all full-
term and no differences in birth weights were detected
(data not shown). The animals developed normally and did
not exhibit overt behavioral effects. We had performed a
study similar to the current experiment except that 6-
month-old males were used and 2.5 mg rotenone/kg per
day was used. Unfortunately, at the dosage used, the
animals became very sick, several died, and the experiment
had to be terminated early. We tested additional animals
and eventually chose a dosage of 1.25 mg/kg per day.
Overall, the animals tolerated this dosage reasonably well,
although one Sal/Veh and one LPS/Rot animal became sick
immediately after surgery and another two animals became
sick after 10 days and were dropped from the study. The
remaining animals (Sal/Veh, n = 5; Sal/Rot, n = 6; LPS/
Veh, n = 7; and LPS/Rot, n = 6) survived the protocol with
no adverse effects or no overt behavioral changes until
sacrifice (28 days after surgery) when they were 17 months
old. At that time there were no significant differences in
their body weights (F(1,23) = 0.052).

SN THir cell counts

Overall, the effects of prenatal LPS and postnatal
rotenone treatment had a profound and highly significant
effect on THir cell counts (F(3,23) = 15.04; P < 0.001).
Prenatal LPS exposure produced a significant reduction in
THir cell counts (F(1,23) = 34.842; P < 0.0001) reducing
the average THir cell counts by 22% (Fig. 1; Table 1). In
contrast, postnatal rotenone treatment did not statistically
alter THir cell counts (3% decrease; F(1,23) = 3.005; P =
0.098). However, the combined effects of prenatal
exposure to LPS together with postnatal exposure to
rotenone produced a further, dramatic significant THir cell
loss of 39%. The interaction term between the pre- and
postnatal treatments was significant (F(1,23) = 5.717; P <
0.05), suggesting that the effects of LPS and rotenone
were synergistic. In addition to alterations in cell counts,
the prenatal and postnatal treatments had a similar,
statistically significant effect on the density of THir cells
(Table 1), but had no significant effects on the volume of
the nigra or the size of the individual THir cell bodies.
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Fig. 1. Tyrosine hydroxylase-immunoreactive (THir) cell counts in the
substantia nigra (SN). Stereological cell counts were gathered from animals
exposed to lipopolysaccharide (LPS) or Hank’s balanced salt solution (Sal)
prenatally at E10.5. When they were 16 months old, they were infused for
14 days with rotenone (Rot) or vehicle (Veh). (Bars that share a common
letter are significantly different from one another (P < 0.05).)

As we have reported in previous studies, the THir cell
loss appeared to be primarily in the lateral regions of the
substantia nigra and its ventral tier (Fig. 2). This cell loss
pattern was similar in animals exposed only to prenatal LPS
and those exposed to both prenatal LPS and postnatal
rotenone. Interestingly, the apparent intensity of the TH
immunoreactivity in the animals treated only with rotenone
was decreased, although few cells were lost. This might
suggest that rotenone treatment reduced expression of TH
without killing the cells. No apparent loss of cells was seen
in the ventral tegmental area in any of the treatment groups
(data not shown).

Striatal biochemistry

Like the cell count data, the overall effect of treatments
had a significant effect on DA levels in the striatum
(F(3,23) = 10.196; P < 0.001). However, unlike the cell
count data, two-way ANOVA revealed that both factors
(prenatal LPS; F(1,23) = 8.78; P < 0.01; postnatal Rot
exposure; F(1,23) = 16.76; P < 0.001) significantly reduced
striatal DA levels (Fig. 3). Prenatal LPS reduced striatal DA
by 12% from that seen in the Sal/Veh group (204.63 ng/mg),
while rotenone reduced levels by 22%. Post hoc analysis
revealed that these two treatment groups were not signifi-
cantly different from controls. However, the combined
effects of both treatments reduced levels to 47% of normal.

Yet, despite the magnitude of this change, the two-way
ANOVA interaction term was not statistically significant
(F(1,23) = 3.309), suggesting that the change in DA was not
synergistic. Regardless, the striatal DA levels were highly
correlated with the SN THir cell counts (2 = 0.855; P <
0.001), verifying the relationship between striatal DA loss
and reductions in THir cell counts in the SN.

Striatal HVA levels were not statistically different among
the four groups (F£(1,23) = 2.203; data not shown). As
expected, as THir cells decreased, DA activity increased
proportionately (Fig. 3) and the overall effect on DA activity
was highly significant (F(3,23) =9.633; P <0.001). As was
true with DA, both prenatal (F(1,23) = 20.281; P < 0.001)
and postnatal treatments (F(1,23) = 7.034; P < 0.05)
significantly increased DA activity, although again, the
interaction term was not statistically significant. Post hoc
analysis of the ratio of [HVA]/[DA] revealed that the 67.5%
increase seen in the LPS/Veh group was significantly
elevated relative to that seen in the Sal/Veh group. Although
the 40% increase in DA activity seen in postnatal rotenone
animals was not statistically significant, the combined
effects of both treatments were significantly increased by
85%. Interestingly, the 0.04 DA activity ratio seen in the
control females (Sal/Veh) is significantly lower than that
normally seen in males, which generally runs around 0.09.
Thus, in our previous studies using 4-month-old males, the
DA activity ratio was 0.099 (Ling et al., 2004). Because the
DA levels in females (204.63 ng/mg protein) were similar to
those seen in 4-month-old males (211.51 ng/mg protein), the
reduction in DA activity was primarily a consequence of
reduced HVA.

Striatal TNFo

Overall, the combined effects of prenatal LPS and
postnatal Rot produced significant alterations in striatal
TNF levels (#(3,23) = 19.17; P <0.0001; Fig. 3). However,
only the prenatal effects reached statistical significance
(F(1,23) = 51.02; P < 0.001), and while the effects of Rot
on TNFa levels were minimal and not statistically
significant (F(1,23) = 3.459; P = 0.075), the combined
effects of pre- and postnatal treatments were 91% increase.

Reactive microglia

Reactive microglia were recognized using the OX-6
monoclonal antibody. Microscopic examination of the brain

Table 1

The effect of prenatal LPS and postnatal rotenone on stereological measures in the substantia nigra

Group Cell count Density (cells/mm®) Volume (mm?) Size (um®)
Sal/Veh 26,202.64 + 3501.01% 10,666.27 + 1659.55° 247 £ 0.12 157.04 £ 11.16
Sal/Rot 25,394.31 + 1677.72° 10,177.67 + 837.86° 2.50 + 0.15 184.32 + 17.50
LPS/Veh 20,527.72 + 3613.72% 8347.35 + 1267.30*" 245 + 0.13 170.54 £ 17.49
LPS/Rot 15,901.04 + 1286.86™ 6307.88 + 452.97*° 2.53 +0.20 177.08 + 22.87

Values that share the same letter are significantly different from one another at the P < 0.05 level.
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Fig. 2. Photomicrographs of TH immunocytochemistry from the right SN of the four treatment groups. (A) Sal/Veh; (B) Sal/Rot; (C) LPS/Veh; (D) LPS/Rot.
Note the reduced intensity of immunostaining in the B and D sections due to exposure to postnatal rotenone infusion. The arrow in A identifies the accessory
optic track that defined the medial demarcation point separating the SN from the ventral tegmental area. Scale bar = 200 pm.

sections from animals exposed to saline prenatally and sham
treatment postnatally revealed an occasional OX-6ir cell
such that in most sections no activated microglia could be
seen (Fig. 4). In contrast, the numbers of microglia were
markedly elevated in animals exposed to LPS prenatally.
These cells were rod shape and possessed numerous reactive
processes indicative of activated microglia. Although the
numbers of OX-6ir cells were more common than controls
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throughout the LPS brains, their numbers were markedly
elevated in the SN, and to a lesser extent, in the striatum. A
similar pattern was seen in saline animals exposed
postnatally to rotenone, although the magnitude of increase
was not as profound. However, in animals exposed to LPS
prenatally and rotenone postnatally, the number of OX-6ir
cells was so markedly increased in the SN that it was visible
on gross inspection of the sections (Fig. 4). Again, although

b 140 cd
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Fig. 3. Dopamine (DA), DA activity, and tumor necrosis factor alpha (TNFa) levels in the striata of the four treatment groups. Animals were exposed to
lipopolysaccharide (LPS) or saline (Sal) prenatally and rotenone (Rot) or vehicle (Veh) when they were 16 months old. Striatal DA (A) and DA activity
([HVAJ/[DA]) (B) were assessed using HPLC. Striatal TNFa (C) was assessed using ELISA. (Bars that share the same letter are statistically different from one

another (P < 0.05).)
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Fig. 4. OX-6-immunoreactive cells in the substantia nigra histochemistry.
This photomicrograph represents typical sections in the SN of the four
treatment groups. Low: low power magnification (X 10); High: high power
magnification (X100). Sal/Veh: prenatal saline exposure and postnatal
vehicle infusion; Sal/Rot: prenatal saline exposure and postnatal rotenone
infusion; LPS/Veh: prenatal LPS exposure and postnatal vehicle infusion;
LPS/Rot: prenatal LPS exposure and postnatal rotenone infusion. Note that
in LPS-exposed animals treated with rotenone, the number of reactive
microglia was so pronounced they were overtly visible upon gross
inspection.

OX-6ir cells were found throughout the brain in these
animals, the density was profoundly elevated in the SN with
significant increases also seen in the striatum.

OxyBlot

Two separate sets of animals were assessed using the
OxyBlot technique to evaluate the overall oxidation status
of animals exposed to LPS or HBSS prenatally just before
rotenone treatment. The idea here was that the level of
oxidized protein in the 16-month-old animals would be
indicative of the overall accumulated protein damage arising
from oxidant stress. Overall, there was a dramatic increase
in the density of, and number of, protein bands in both the
mesencephalons and the striata of the females exposed to
LPS prenatally compared with controls (Fig. 5). This
suggested that in both structures, the accumulated level of
oxidant stress was such that it led to extensive protein
oxidation.

o-Synuclein and H and E-positive inclusions

a-Synuclein immunostains of the tissue sections revealed
a diffuse, mottled background staining with occasional
deep-brown, rounded immunopositive intracellular objects
in animals prenatally exposed to LPS (Fig. 6B). These a-

Synuclein-ir objects were similarly present in animals
exposed to LPS prenatally and rotenone postnatally.
However, these objects were not seen in any of the control
animals, although the mottled background staining typical
of the treated animals was seen (Fig. 6A).

The H and E sections revealed numerous eosin-positive
inclusions in animals exposed to LPS prenatally (Figs. 6D—
F). These inclusions were seen in numerous brain regions
including cortex, hippocampus, and SN. However, inspec-
tion of the sections revealed that the inclusions were more
abundant in the SN than in other regions. Interestingly, their
distribution appeared to parallel that of microglia. Many of
these inclusions were clearly located intracellulary (Fig. 6F).
They were smaller than typical Lewy bodies seen in human
brain, and did not have the traditional halo often seen
around Lewy bodies. Animals exposed to prenatal LPS and
postnatal rotenone infusion also exhibited these Lewy-like
bodies. Interestingly, the number of inclusion bodies was
not noticeably increased in any of brains of animals exposed
to both toxins. These inclusions were not seen in any of the
control animals.

Discussion

Results from the present study showed that exposure to
rotenone, at a dose that failed to alter THir cell counts and
had minimal effects on striatal DA in control animals,
produced a synergistic loss of THir cells in animals exposed
to LPS prenatally. This loss was accompanied by and was
correlated with striatal DA losses. The combination of both
treatments also increased DA activity and TNFa. This study
extends those reported previously in that the DA cell losses
and increases in TNFa seen in young animals perinatally
(P10 and 21; Ling et al., 2000, 2004) and in young adults
(P120; Ling et al., 2004) are still present in aged adults
(P510). In addition, the effects of prenatal LPS are not

1 2 3 4 5 6 7 8

Fig. 5. Chemiluminescence patterns of oxidized protein in animals exposed
to Sal (1-2; 5-6) or LPS (3—4; 7-8) prenatally. Gels were loaded with equal
amounts of protein from the striata (lanes 1-4) and SN (lanes 5-8), and then
exposed to X-ray film. Striata and SNs from animals exposed to LPS
prenatally have more oxidized proteins as indicated by the apparent darker
bands.
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Fig. 6. The a-Synuclein (A and B) and H and E stained sections (C—F) of
the SN. a-Synuclein immunoreactivity produced a mottled background
staining in control sections (A). In animals exposed to LPS prenatally,
deep-brown, spheroid a-Synuclein inclusions were often seen (arrows in
B). Hematoxylin and eosin (H and E) processed sections revealed typical
backgrounds of reddish-gray interrupted by bluish-black nuclei typical of
normal tissue (C). In animals exposed to LPS prenatally (D and F) or LPS
and rotenone (E), numerous reddish inclusions were detected (arrows in D
and E) and were sometimes seen inside of cells (arrow in F) (scale bar =
5 pm).

restricted to males, but can be seen in females as well.
Furthermore, prenatal LPS exposure was associated with
increases in oxidized proteins in both the striatum and
mesencephalon, significant increases in microglia activa-
tion, and the formation of Lewy-like bodies.

We previously examined animals exposed to LPS
prenatally for possible synergistic cell losses following icv
60HDA treatment. However, in that study, the THir cell
loss seen was additive. We suggested that the failure to
produce synergistic toxicity was, in part, a consequence of
the young age of the animals studied. The present results
support this contention. A recent study by Thiruchelvam et
al. (2003) further supports this argument. Thus, they showed
that the combined neurotoxicity of paraquat and maneb
produced greater DA neuron losses in aged mice than in
young animals. They also showed that this synergistic
toxicity was associated with an attenuated compensatory
response to DA neuron loss (i.e., increased DA activity). We
have shown that several compensatory responses to DA cell
loss including increased DA activity and trophic factor
production are reduced in aged animals (Ling et al., 2000).
Moreover, pro-inflammatory cytokines such as interleukin-1
and TNFa increase in the aged brain (Kyrkanides et al.,
2001; Terao et al., 2002). Indeed, Kalehua et al. (2000)

demonstrated that the pro-inflammatory response of the
aged brain to LPS was greater than in young animals. Thus,
it is possible that a synergistic response was seen at 17
months, but not after 4 months, because the aged brain is
more sensitive to toxins due to reduced compensation
coupled with an increased pro-inflammatory response.

It is also possible that differences in toxicity were a
consequence of the toxin used. Thus, 6OHDA might not be
capable of producing a synergistic response regardless of the
age of the animals it is used in, and studies are currently
underway to assess this possibility. Another explanation
involves dosage. Gao et al. (2003a,b) demonstrated in tissue
cultures pretreated with LPS that synergistic THir cell loss
was more readily produced when lower concentrations of
MPTP or rotenone were used. Interestingly, low dosages of
paraquat and maneb were used in studies by Thiruchelvam
et al. (2000), and a low dosage of rotenone was used in the
present study. Using lower dosages, preferably ones that do
not produce overt toxicity, clearly allows greater room for
additive and synergistic effects.

As part of the 6OHDA study, we stereologically assessed
the loss of THir cells as well as other neurons in the
mesencephalon. Those results clearly showed that prenatal
LPS, as well as adult exposure to 60HDA, produced actual
DA cell loss and not simply a suppression of the DA neuron
phenotype. In addition, the cell loss was almost exclusively
in the lateral regions of the substantia nigra and its ventral
tier, sparing the ventral tegmental area. This is significant
because this pattern of cell loss mimics that seen in PD
patients (Hornykiewicz and Kish, 1987; Javoy-Agid et al.,
1981). Although not specifically assessed here, the pattern
of cell loss was similar to that in the 4-month-old study, and
we further assume that the decrease in THir cell counts seen
here represents true DA cell loss.

The timing of exposures in the current study differs from
the more traditional exposure paradigms where two toxins
are often co-administered or administered close together
during adulthood. Thus, exposure to the first toxin (LPS)
occurred in utero while exposure to the second toxin
(rotenone) occurred 17 months later. The prenatal LPS
model used here assumes that some type of permanent
alteration was produced by exposure to LPS in utero that
rendered the animal more susceptible to a toxin exposure
that occurred 17 months later. Thiruchelvam et al. (2002)
showed a similar effect in mice. They exposed mice to
paraquat or maneb perinatally and showed that the mice
exhibited a greater than expected DA cell loss to a
subsequent challenge to the same toxin during adulthood
several months later. They referred to this as a “silent
toxicity”. Thus, in their study, as was true in the LPS animals
studied here, early exposure did not produce an overtly
affected animal, but nonetheless, an animal that exhibited
synergistic DA losses following low dose toxin treatment
during adulthood. The mechanism(s) responsible for the
silent toxicity in the paraquat/maneb model, unfortunately,
remains unknown. However, we are beginning to gain



Z. Ling et al. / Experimental Neurology 190 (2004) 373-383 381

insight into the potential mechanisms involved in the LPS
model.

In the present model, prenatal LPS exposure increased
DA activity that is known to produce significant free radical
production and DA cell death (Jenner, 2003; Spina and
Cohen, 1988). Thus, it is possible that the life-long
increases in DA activity seen in animals exposed to LPS
prenatally perpetuates a cycle of continuous free-radical
production that was elevated even further by exposure to a
low dose of rotenone. This was not only supported by the
significant increases in DA activity seen in animals exposed
to LPS alone, but by the increased levels of oxidized
proteins seen in the striata and mesencephalons of animals
exposed to LPS prenatally. However, it is hard to envision
this type of feed-forward inflammatory process lasting for
17 months. An alternative hypothesis involves pro-inflam-
matory cytokines.

LPS is a known inflammogen and inducer of pro-
inflammatory cytokines (Gayle et al., 2002; Paludan,
2000). It is thus possible that clevated levels of TNF« are
responsible for, or at least involved with the DA neuron
loss, because the levels of this pro-inflammatory cytokine
remain elevated for life following prenatal LPS exposure.
This hypothesis is particularly attractive because TNF«
kills DA neurons (McGuire et al., 2001), is increased by
several DA neurotoxins (Hebert et al., 2003; Nagatsu et al.,
2000), and is elevated in the brains of patients with PD
(Boka et al., 1994; Mogi et al., 2000b). However, one again
has to determine how such a phenomenon could occur for
life. One potential mechanism involves epigenetic alter-
ations in the genes responsible for TNFa production (Li et
al., 2003; Sutherland and Costa, 2003). Thus, if LPSs were
able to alter the methylation status of the TNFa promoter in
utero, protein levels of TNFa would remain elevated for the
life of the animal. Such an elevation would be particularly
interesting if it were present in microglia given that their
numbers were markedly elevated in LPS animals and that
these cells are also the primary source of TNFa in brain
(Kielian et al., 2002; Kim et al., 2000). Moreover, because
rotenone also appeared to activate microglia, it is possible
that microglial activation already present in animals exposed
to LPS prenatally produced further increases in TNF«
resulting in further DA neuron loss. We are currently
exploring this possibility.

Regardless of the cause of the DA cell loss in the
animals exposed to LPS prenatally and the synergism
associated with subsequent exposure to rotenone, it is clear
that the animals described in this study share many
characteristics with patients with PD. We examined the
sections to determine whether these toxins also induced
formation of Lewy-like bodies seen in similar animal
model (Betarbet et al., 2000). Alpha-Synuclein-immuno-
reactive inclusions were detected in the animals exposed to
prenatal LPS or animals exposed to prenatal LPS and
postnatal rotenone. Moreover, traditional H and E stains of
the sections from the LPS animals also revealed the

presence of inclusion bodies resembling Lewy bodies in
LPS-exposed animals as well as the animals exposed to
LPS and rotenone. Many of these inclusions were present
in cell bodies, were found in several brain regions
including cortex (although they were more prevalent in
the SN), but lacked the halo traditionally seen in human
Lewy bodies (Forno, 1996). Rotenone infusion alone was
reported to be able to induce Lewy-like inclusion in rat
(Betarbet et al., 2000). Therefore, a synergism of prenatal
LPS and postnatal rotenone in the inclusion formation was
originally predicted. A careful evaluation had demonstrated
that this was not the case. The absence of such synergism
was believed due to the lower dose of rotenone (1.25 mg/
kg per day) and shorter infusion duration (14 days) being
used in our current study compared to higher dose (2.5 mg/
kg per day) and longer infusion duration (28 days) by other
group (Betarbet et al., 2000). The presence of Lewy-like
and other inclusion bodies like these was once considered
very rare, but is becoming more common in a variety of
animal models (Betarbet et al., 2000; Chapman et al.,
2003; Fornai et al., 2004; Song et al., 2004). Regardless,
they represent an important finding that further validates
the animal model. The presence of alpha-Synuclein
inclusions and Lewy-like bodies might suggest an abnor-
mality in proteosomal processing (Chung et al., 2003)
secondary to increased oxidant stress present in these
animals (Jenner and Olanow, 1996). Regardless, the
presence of alpha-Synuclein inclusions and Lewy-like
bodies suggests that prenatal LPS produces numerous
characteristics in animals that are similar to those seen in
human PD patients.

Taken together, these studies are consistent with the
notion that exposure to multiple DA neurotoxins can
combine to produce synergistic DA cell loss supporting
the idea that the etiology of PD may be multifactorial and a
result of multiple “hits” from environmental toxins. From
the perspective of the patient, the notion of synergistic cell
losses makes it easier to understand how a cell loss of the
magnitude needed to produce PD can occur from environ-
mental events. A synergistic response between two or more
toxins, especially resulting from low, subthreshold dosages,
could produce the heterogeneous cell loss typical of PD, but
not be sufficient enough to produce clinical symptoms. Such
an event would be difficult to detect epidemiologically and
likely not be recalled by the patient. Homogeneous age-
related DA neuron losses could then bring the patient to the
symptom threshold as originally proposed by Calne and
Langston (1983). Alternatively, exposure to low doses of a
second toxin as described in the present study could produce
synergistic DA neuron loss that starts 4—7 years before
actual symptom expression, and thereby produce the
exponential pattern of DA neuron loss predicted by imaging
studies of PD patients (Calne et al., 1997; Morrish et al.,
1998; Nurmi et al., 2000). Regardless, it is clear that
synergistic cell losses resulting from multiple hits with
environmental toxins as proposed here or genetic—environ-
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mental interactions are consistent with the current clinical
phenomenology of PD and are likely to be relevant to our
understanding of its pathogenesis.
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Summary. Inflammatory processes are thought to underlie the dopamine (DA)
neuron loss seen in Parkinson’s disease (PD). However, it is not known if the
inflammation precedes that loss, or is a consequence of it. We injected tumor
necrosis factor alpha (TNFa) and interleukin 1 beta (IL-1P) into the median
forebrain bundle to determine if these pro-inflammatory cytokines could induce
DA neuron loss in the substantia nigra (SN) by themselves. The magnitude of the
DA cell loss as well as the decreases in striatal DA, were both dose and time to
sacrifice dependent. Injecting both cytokines together produced greater cell
losses and DA reductions than that seen when the cytokines were injected alone.
The DA neuron loss seen was more pronounced in the lateral nigra and its
ventral tier and similar to that seen when other toxins are injected. These data
suggest that TNFa and IL-1B can induce DA neuron loss by themselves and
could produce DA neuron loss independent of other inflammatory events.

Keywords: Inflammation, cytokine, Parkinson’s disease, rat, infusion.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder character-
ized by loss of the dopamine (DA) producing cells in the Substantia Nigra (SN).
Although a genetic basis for the disease has been identified for some, the
etiology in the majority of the affected patients remains unknown. Regardless
of cause, the DA neuron loss and reductions in striatal DA that characterize
all patients with PD are accompanied by increases in several pathological
indices (Hunot and Hirsch, 2003; Jenner, 2003). Thus, increased levels of
cyclooxygenase 2 (Knott et al., 2000), nitrite (Qureshi et al., 1995), oxidized
protein (Floor and Wetzel, 1998), oxidized DNA (Zhang et al., 1999), and lipid
peroxidation (Yoritaka et al., 1996) as well as decreased levels of the reduced
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form of glutathione (Sofic et al., 1992) and impaired mitochondrial Complex I
function (Schapira et al., 1990) have all been reported. Some of these changes
strongly implicate the involvement of neuroinflammation. Although the central
question as to whether these changes are a consequence of DA neuron loss, are
the cause of the degenerative process itself, or contribute to the progression of
PD remains, there is little controversy about the need to better understand the
role of inflammation in this disease process.

The brains of patients with PD also exhibit elevations in proinflammatory
cytokines. Thus, Nagatsu et al. (2000) and Boka et al. (1994) have reported
elevations in Tumor Necrosis Factor-alpha (TNFo) and Interleukin 1 beta
(IL-1B) in the brains of patients with PD. These two cytokines in particular,
are centrally involved in inflammatory processes, are a product of microglia
activation which has also been noted in PD patients (McGeer and McGeer,
1998), and can support many of the inflammatory events known to be increased
in PD patients. In addition to studies in patients, animal models of PD and
culture systems have also demonstrated that increases in TNFo and IL-1f are
associated with DA neuron loss (Castano et al., 1998; Bronstein et al., 1995;
Jarskog et al., 1997; Kabiersch et al., 1998; McGuire et al., 2001; Gayle et al.,
2002; Sriram et al., 2002; Ferger et al., 2004; Rousselet et al., 2002). Taken
together, these data might suggest that elevations in proinflammatory cytokines
lead to DA neuron loss, or at the very least, contribute to further DA neuron loss
once the degenerative process has started.

Previous studies have demonstrated that injection of the bacteriotoxin lipo-
polysaccharide (LPS) directly into the brains of rodents leads to the loss of DA
neurons (Castano et al., 1998; Herrera et al., 2000; Kim et al., 1995, 2000; Gao
et al., 2002). LPS is a potent inducer of TNFa and IL-1B (Gayle et al., 2002;
Paludan, 2000), and it is possible that the DA cell death seen following LPS
may arise as a consequence of increased levels of either of these two cytokines.
We have further shown that offspring from gravid rats exposed to LPS during
development are born with fewer than normal DA neurons and have life-long
increases in TNFa (Carvey et al., 2002; Ling et al., 2002, 2004). In order to
ascertain whether or not elevations in TNFo and/or IL-1f contribute directly to
DA cell loss independently of other LPS induced factors, we infused these two
pro-inflammatory cytokines alone and in combination into the SN of young
adult rats. The results show that these two pro-inflammatory cytokines can
indeed produce DA neuron loss suggesting that they are not only associated
with the disease process by themselves, but could actually contribute to the DA
neuron loss seen in PD.

Materials and method

Animals

Male Sprague-Dawley rats (250-300 g) were purchased from Zivic-Miller (Allison Park, PA),
and were allowed to acclimate to the animal facility for a period of at least 5 days before the onset
of the experiments. All animals were housed in a temperature and humidity controlled environ-
ment, allowed free access to food (Agway Rat Chow; Prolab, Syracuse, NY) and water, and
were kept on a 12 hour lights-on/12 hour lights-off cycle (lights on 0600). The protocols and



Injection of cytokines into brain 603

procedures used in these studies were approved by the Institutional Animal Care and Utilization
Committee (IACUC) for Rush University Medical Center.

Cytokine concentrations

Recombinant rat cytokines were purchased from R and D System (Minneapolis, MN), and
dissolved in Hank’s Balanced Salt Solution (HBSS) with 1% rat serum albumin (vehicle)
(Sigma-Aldrich Co.). For control injections the cytokines were heat-inactivated for 1 hr at 65°C
in a water bath and dissolved in vehicle (HBSS with 1% rat serum albumin) prior to injection.
The two cytokines were injected at various concentrations alone and in combination. IL-1 was
injected at 100, 200, and 10,000 pg in 3 pL vehicle. TNFa was injected at 10, 50, and 200 ng in 3 pLL
vehicle. 100 pg IL-1B and 10ng TNFa concentrations were injected alone and in combination
into animals that were sacrificed 14 days later. 10,000 pg IL-1p and 200 ng TNFo were injected
alone and in combination and sacrificed 14 days later. 200 pg IL-1p and 50 ng TNFa were injected
alone and in combination into two groups that were sacrificed 7 and 14 days later, respectively.

Cytokine injections

The rats were anesthetized with pentobarbital (40 mg/kg; Sigma-Aldrich Co.), and placed into a
stereotaxic frame. A mid-cranial incision was made and the skin was reflected. A burr hole was
then made on the right side of the cranium in all animals using a flexible drill (Foredom Electric
Co., Bethel CT) fixed to a micro manipulator. The cytokines or inactivated cytokines were inject-
ed over five minutes into the right medial forebrain bundle (AP = —4.3; ML= —1.2; DV =—-17.5)
using a Hamilton syringe. The needle was left in place for an additional five minutes and then
slowly withdrawn. The burr hole was filled with surgical foam and skin sutured. The animals were
allowed to recover in their home cages under a heating lamp for 5 hours and then returned to the
animal facility. Their general health was monitored daily for the duration of the study.

Perfusion and tissue preparation

At the end of the study, the animals were anaesthetized using an overdose of pentobarbital
(65 mg/kg). The chest was invaded and each animal was perfused transcardially using 300 ml
ice-cold saline. During perfusion, the descending aorta was clamped to increase perfusion to the
brain.

The brains were divided into rostral and caudal sections. The rostral part of the brain (4 mm
from the apex) was frozen in the cold 2-methylbutane and sectioned into 1 mm slabs on a cold
slate block. The right (ipsilateral to injection) and left (contralateral to the injection) striata were
isolated separately. The striatal pieces ipsilateral and contralateral to the cytokine injection were
immediately placed in 200 pl of ice cold antioxidant (0.4 N perchlorate, 0.05% EDTA, and 0.1%
bis-metabisulfite). These pieces were then homogenized for 3 secs. using a Polytron GmbH
homogenizer (setting 6; Kinematica; Luzern, Switzerland), and centrifuged (30,000 x G for 30
minutes). The total protein was measured in the pellet using a Protein Assay Kit (Bio-Rad, CA).
The supernatants were assessed in duplicate for DA and homovanillic acid (HVA) using High
Performance Liquid Chromatography (HPLC) as previously described (Vu et al.,, 2000) by
comparison to 6 point standard curves run daily. The levels were expressed as ng/mg protein.
The ratio of [HVA]/[DA] was also computed and served as an index of DA activity.

The caudal part of brain was immediately submerged in Zamboni’s fixative (7.5% saturated
picric acid, 12mM NaH,PO,, 88 mM Na,HPO,, and 4% paraformaldehyde) for immunohisto-
chemistry studies. After three days, Zamboni’s fixative was removed and the brains were sub-
merged through two changes of 30% sucrose. The caudal pieces were then sectioned (40 pm) on a
sliding microtome and divided into six series. Sections were kept in cryoprotectant (Glycerol,
30%; Ethylene glycol, 30%; PBS 40%) until processed. Sections were immunostained for tyro-
sine hydroxylase (TH) as described previously (Ling et al., 2002). The endogenous peroxidase
activity was eliminated with a 20-minute incubation in 0.1 M sodium periodate (Sigma Chem.
Co.). Sections were then incubated at room temperature for 24 hours with a monoclonal mouse
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anti-TH (1:20,000 [Immunostar, MN]; with PBS and 0.25% triton). The staining was followed by
incubation with biotinylated horse anti-mouse IgG (Vector Laboratories) and avidin biotin com-
plex (ABC) conjugated with peroxidase (Vector Laboratories). The TH immunoreactive (THir)
cells were visualized with I/A solution containing nickel sulfate (2.5%, Sigma), 3,3’-diamino-
benzidine (DAB, 0.05%, Sigma), and H,O, (0.003%, Sigma) for a period of 5 minutes followed
by 3 washes with I/A. Finally, the slides were dehydrated through graded alcohols and xylene.
The slides were eventually cover-slipped (Stephens Scientific) and allowed to dry overnight.

Stereological assessment

The number of THir cell bodies in the SN area were counted by an observer blinded to treatment
history using a stereological procedure described previously (Ling et al., 2002). The system used
for stereological counting was an Olympus BX-50 microscope that was hard-coupled with a
Prior H128 computer-controlled x-y-z motorized stage, a high sensitive Hitachi 3CCD video
camera system (Hitachi, Japan), and a PC computer. THir cell counts were carried out using
MicroBrightField stereological software. The SN was outlined under a low magnification (10 X)
lens and approximately 10% of the outlined region was measured with a systematic, random
design using dissector counting frames. Total THir neurons were estimated using the optical dis-
sector method employing a 100 X planapo oil immersion objective with a 1.4 numerical aperture.
Under the dissector principle, about 200 THir neurons were sampled by optical scanning using a
uniform, systematic and random designed procedure for all measurements. Once the top of the
section was in focus, the z-plane was lowered 2.5 um (forbidden plane which was not included in
the analysis). The total number of THir cells (N) within the SN was calculated using the
following formula: N=NveVsn where the Nv was the density and Vsn was the volume of
the SN determined by the Cavalieri principle. THir neurons within the ventral tegmental area
(medial to the accessory optic tract (Ling et al., 2004) were excluded from dissector analysis.

Statistical analysis

Two-way ANOVA was performed with treatment and side as factors. Individual group differences
within a study were assessed using Tukey’ post hoc comparison following One-way ANOVA. SN
THir cell counts were compared with striatal DA levels using Pearson’s correlation.

Results

Overall, the ipsilateral injections did not alter the measures in the contralateral
hemisphere (Two-Way ANOVAs on all studies revealed a statistically significant
effect of side). In addition, regardless of dose, cytokine, cytokine combination, or
time to sacrifice, no statistically significant changes were observed in DA levels
or cell counts on the side contralateral to the injection. In contrast, the injections
had a profound effect on the measures on the ipsilateral side of the brain.

Striatal biochemistry

In general, injection of IL-1f and /or TNFa reduced striatal DA and increased DA
activity on the side ipsilateral to the injection. In addition, this effect was dose-
dependent for both cytokines. The highest combined doses of IL-13 and TNFu
produced the most dramatic changes (Table 1). Thus, DA levels were reduced by
both IL-1B and TNFua injection and the combined injection of both produced
further striatal DA loss (Fig. 1; F3 3, =3.884; p<0.05). IL-1B (10ng) reduced
ipsilateral DA 29.9% whereas TNFa (200 ng) reduced levels 54.3%. Although
the combined effect of both dosages produced a greater DA decrease (61.2%),
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Table 1. Effect of 100 pg, 200 pg, and 10 ng IL-1 (low, medium, and high dose, respectively) and 10, 50 and
100 ng TNFa (low, medium, and high dose, respectively) on striatal biochemistry and tyrosine hydroxylase
immunoreactive (THir) cell counts in the substantia nigra (SN) (Data that shares a common letter within

group is significantly different from one another at p <0.05)

Infusion Low dose Medium dose (MD) MD (7 days) High dose
Dopamine
Vehicle Ipsi- 212.12+£22.49  207.36 £ 29.99%° 20433 +17.19*  201.11 4 20.48%°
Contra-  206.73 £19.44  197.26 +25.25 21551 £25.44  200.73 +12.19
IL-1PB Ipsi- 199.79 £ 17.49  178.76 +21.42 206.50 +£29.82  140.77 &+ 14.12%°
Contra-  191.83+£25.09  194.88 4 30.99 21551 +£2544  217.13+19.06
TNFo, Ipsi- 18234 £ 14.13  154.46 4 53.98% 191.24 +19.73 91.69 + 15.29%
Contra-  218.41 £30.02  204.99 + 38.02 202.34 +20.95  242.46 4+ 37.90
IL-1/TNF  Ipsi- 176.11 £16.39  130.03 +7.75" 153.41 £33.44*  77.51 +14.31°
Contra-  192.86 +£20.64  231.74 +24.26 21244 +23.64  239.10 +51.06
HVA
Vehicle Ipsi- 15.66 £ 5.01 18.74 +£4.57 18.76 £ 4.00 18.62 £ 2.35%
Contra- 18.21 +3.02 17.77 £ 4.46 19.55 +3.54 16.78 +5.31
IL-1B Ipsi- 17.31 £4.51 17.20 £4.15 17.94 +4.55 17.91 £ 2.84%¢
Contra- 19.34 +5.82 16.07 + 4.80 18.05 +3.73 24.51 £6.10
TNFq, Ipsi- 20.04 +5.27 17.59 +7.86 17.02 £2.95 12.32 + 1.66*
Contra- 18.73 £ 6.05 2211 +7.17 19.20 +3.42 24.88 + 6.42
IL-1/TNF  Ipsi- 16.42 + 4.98 16.82 + 4.40 15.43 £3.12 13.20 £+ 0.83%
Contra- 17.07 + 3.96 25.74 +7.81 20.23 +1.98 25.16 +5.28
HVA /DA
Vehicle Ipsi- 0.075 £ 0.026 0.090 £ 0.017 0.092 +0.022 0.092 + 0.007%
Contra- 0.089 + 0.022 0.091 £ 0.026 0.093 £ 0.023 0.083 £ 0.021
IL-1PB Ipsi- 0.087 + 0.022 0.097 + 0.024 0.088 + 0.023 0.128 £ 0.025
Contra- 0.099 + 0.021 0.082 £+ 0.017 0.091 £ 0.019 0.112£0.018
TNFo, Ipsi- 0.109 £ 0.020 0.121 £ 0.065 0.096 + 0.030 0.136 £ 0.024
Contra- 0.085 £ 0.025 0.106 £ 0.016 0.094 + 0.008 0.105 £ 0.030
IL-1/TNF  Ipsi- 0.095 £ 0.035 0.144 + 0.040 0.104 +0.029 0.175 + 0.035%
Contra- 0.089 £ 0.019 0.110 £ 0.024 0.096 + 0.009 0.138 £ 0.021
SN THir cell counts
Vehicle Ipsi- 12800 4 2590 12348 4 784%° 12212 + 1080 12468 4+ 760
Contra- 13060 + 1731 13968 + 4625 12727 + 1798 12281 + 1568
IL-1B Ipsi- 12754 + 740 11030 + 1413 12920 =+ 245 10720 + 813°
Contra- 11957 + 1672 12619 + 791 11705 + 1333 12486 + 972
TNFo, Ipsi- 10372 4 1283 10235 + 9442 11176 + 1683 9620 + 2195°
Contra- 12648 £910 12444 + 503 12823 + 1354 12964 + 1033
IL-1/TNF  Ipsi- 10144 + 2030 9423 +1318° 10265 + 1502 7524 +1011%°
Contra- 12853 + 630 12507 + 568 12833 + 751 12008 + 904

this change was at best additive. The effects on DA activity ((HVA]/[DA]) were
similar, although the effects were statistically not as profound (Fig. 1). Thus, the
effects of IL-1B (10 ng) or TNFa (200 ng) injection on [HVA]/[DA] were signifi-
cantly altered (F3 3; = 6.38; p<0.01) although the combined effects of both cyto-
kines only increased DA activity 85.1%. Again, the effects of combined cytokines

on DA activity was, at best, characterized as additive.
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Fig. 1. The effects of IL-1B (10ng) and TNFo (200ng) injected into the medial forebrain

bundle (MFB) alone and together on striatal DA content (left) and DA activity (right). Animals

were sacrificed 14 days following injection. Bars sharing a common letter are statistically
different from one another at p<0.05

Substantia nigra THir cell counts

As was true for the DA biochemical results, the effects on THir cell counts
were also dose-dependent (Table 1) and statistically significant (Fig. 2; F5 35 =
3.206; p<0.05) although the magnitude of the effects was not as profound.
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Fig. 2. The effects of IL-1B (10ng) and TNFa (200ng) injected into the medial forebrain

bundle (MFB) alone and together on SN THir cell counts. Animals were sacrificed 14 days

following injection. Bars sharing a common letter are statistically different from one another at
p<0.05
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Fig. 3. Representative photomicrographs of the TH immunostaining of the mesencephalon
injected with vehicle (A), TNFa (200 ng) (B), and TNFa (200 ng) plus IL-1B (10 ng) (C). Note
that the pattern of cell loss is most pronounced in the lateral regions of the SN ipsilateral to
injection and its ventral tier while sparing the VTA (right side in the left column). Within the
areas of cell loss, the density of the immunoreactivity is reduced as seen in the associated
higher power photomicrographs of the same sections (right column). Bar =0.50 mm

Thus, injection of IL-1B (10 ng) produced a 12.2% decrease in THir cell counts
while TNFa (200ng) produced a 21.1% decrease. Both injections combined
produced a 36.7% decrease in THir cell counts. Examination of the THir his-
tology in the animals suggested that injection of either cytokine or combination
produced greater cell loss in the lateral regions of the SN and its ventral tier
(Fig. 3), but did not alter cell counts in the ventral tegmental area (VTA). The
SN THir cell counts were positively correlated with the levels of DA in the
striatum (r = 0.608, P<0.001).

Effect of recovery period after injection

In one study, the animals were sacrificed 7 days following acute injection, while
a second group was sacrificed after 14 days. Interestingly, neither IL-1p nor
TNFa altered DA biochemistry or THir cell counts in the animals sacrificed 7
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days after injection (Table 1). In contrast, both striatal DA and THir cell counts
were decreased in animals sacrificed 14 days following injection suggesting
that these losses were affected by the duration of recovery.

Discussion

The results from the present study revealed that IL-1p and, in particular, TNFo
were both able to induce THir neuron loss, reduce striatal DA and increase DA
activity in a dose- and time-to sacrifice-dependent fashion. Both pro-inflamma-
tory cytokines had this effect and when both cytokines were combined, the
effects seen were more pronounced, although best characterized as additive.
Indeed, the combined effects of both agents often produced less than additive
effects. In addition, the relative ability to produce a loss of THir cells was
dependent upon how long after injection the animals were examined. Thus,
at an intermediate dose (200 pg IL-1B or 50ng TNFa), significant alterations
were not seen after 7 days, but by 14 days, both THir cell counts and striatal DA
were decreased. Taken together, these results extend previous studies and sug-
gest that IL-1PB and/or TNFa can induce DA neuron loss independent of other
actions resulting from LPS exposure.

A previous study by Castano and collegues (2002) injected TNFo and/or
IL-1B into the SN and analyzed the brains one week after injection. They
injected only one dose of each cytokine that was 10 times lower than our
highest dose of TNFa (1,000 U =~ 20ng), but 10 times lower than our highest
dose of IL-1B (1,000 U =~ 100ng). In their study, they failed to demonstrate
any significant changes in striatal biochemistry or DA cell counts in the SN
seven days after injection, despite seeing reductions in these parameters follow-
ing intranigral LPS injection. They argued that mechanisms other than IL-1f
and TNFao must be responsible for the cell loss seen. The apparent differences
between their results and the current findings are likely a consequence of sev-
eral differences in experimental procedure. First, we also failed to demonstrate
reductions in the DA indices one week after the injection and also observed that
the effects were dose-dependent. Had they used different dosages or waited
longer until sacrifice, they may also have seen statistically significant effects.
Second, they injected the cytokines directly into the SN. This produces only
focal distribution of the injectate. In contrast, we injected the cytokines into the
medial forebrain bundle just rostral to the SN. Injections at this location are
distributed more evenly throughout the SN by coursing back to the cell bodies
along the low resistance fiber bundles coming out of the nigra (Carvey et al.,
1994). Indeed, examination of photomicrographs of the SN in their manuscript
revealed THir cell loss only around the needle site in contrast to the cell loss
seen in our study which was more widely distributed. Finally, just because LPS
was able to produce DA cell loss in their study while the cytokines did not, does
not rule IL-1B and TNFa out as the factors responsible for DA cell loss. There
are issues of the dose of LPS used and the resulting increases in the pro-inflam-
matory cytokines that must be considered. It also, however, does not rule out
the possibility that indeed factors in addition to IL-1B and/or TNFo are
involved in the toxicity as originally suggested in their study. Regardless, it
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is clear from the present results that IL-1p and TNF« can indeed produce DA
neuron loss by themselves.

The fact that IL-1pB and/or TNFa produced DA cell loss after a single acute
injection is remarkable, especially given the fact that significant losses required
two weeks to develop. This might suggest that these pro-inflammatory cyto-
kines either induced a cascade of events that required a prolonged period of
time to kill the DA neuron, or directly killed the DA neurons, but did so slowly.
A previous study demonstrated that TNFo kills DA neurons via apoptosis
(McGuire et al., 2001), but this is generally a rapid process taking only 24
hours. However, even if a necrotic mechanism were involved, it is unlikely that
the cell death would require more than a week. IL-1p and TNFa are known to
participate in a positive, feed-forward fashion to increase the effect of one
another. Thus, IL-1p increases the release of TNFa (Chao et al., 1995) while
TNFa increase IL-1B (Cai et al., 2003). Anti-inflammatory cytokines are likely
involved in limiting this response. However, these reciprocal feed-forward
mechanisms, similarly develop rapidly (Cai et al., 2003). It is also important
to appreciate that loss of DA neurons leads to increases in DA metabolism, as
seen in the current study where DA activity was significantly increased. This is
associated with increased production of reactive oxygen species (ROS) which,
by themselves, also increase production of pro-inflammatory cytokines (Jenner,
2003). However, all of these processes would develop quickly.

It is also possible that the injected cytokines recruited the activity of another
cell type. Indeed, Gao et al. (2002), demonstrated that a slow infusion of LPS
into brain led to loss of DA neurons that was delayed and associated with the
localized activation of microglia. Despite the infusion of LPS and the presumed
increased production of pro-inflammatory cytokines such as TNFa and IL-13
produced by LPS, DA neurodegeneration was not seen in the animals for at
least 4 weeks and continued even after discontinuation of the LPS infusion.
Thus, the results from Gao and colleagues are not unlike those reported here.
This may be significant since activated microglia are present in the PD brain
where they are often seen in proximity to degenerating DA neurons (McGeer
et al., 1988). Activated microglia are also often associated with degenerating
DA neurons in animals treated with the DA neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP; McGeer et al., 2003). It is thus possible in
the present study that the injected cytokines initiated a low level inflammatory
response that produced a small amount of cell loss and recruited microglia into
the vicinity. This led to further inflammatory events (e.g., ROS resulting from
increased DA activity) that recruited additional microglia that participated in a
feed-forward process that was eventually able to produce significant cell loss.
Although the exact mechanism(s) responsible for the cell loss in the current
study is unknown, it is important that it (they) be determined so as to provide
potential clues for the delayed and prolonged cell loss seen in patients with PD.

The pattern of DA cell loss in these animals was similar to that seen in
animals exposed to other DA neuron toxins including 6-hydroxydopamine
(Rodriguez et al., 2001), MPTP (Varastet et al., 1994), and prenatal LPS (Ling
et al., 2004). The pattern seen in the present study is also similar to that seen in
patients with PD (Hornykiewicz and Kish, 1987; Javoy-Agid et al., 1981).
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Thus, cells in the lateral regions of the SN as well its ventral tier were more
affected than cells in the ventral tegmental area (VTA) or more medial regions
of the SN. The fact that four different toxins produce the same pattern of cell
loss would suggest a common mechanism is involved or, that there is a selective
vulnerability at work as originally hypothesized (Mouatt-Prigent et al., 1994).

It is likely that PD is a consequence of multiple etiological agents that are a
consequence of several risk factors that involve both genetic predispositions
and environmental insults. Regardless of cause, it appears that inflammatory
events are involved. A central question has been, and remains; ‘“‘is inflammation
a consequence of the degenerative process or the cause of the DA cell loss?”” The
results from the present study clearly suggest that inflammation by itself can
produce DA cell loss. Although it seems intuitively obvious, it demonstrates
the possibility that DA cell loss does not necessarily need to be involved with
the initial stages of PD pathogenesis. Thus, an initiating agent does not have to
be a DA neurotoxin. Rather, it could be a non-specific toxin that produces in-
flammation that then happens to kill DA neurons. If true, the list of possible
environmental causes and genetic risk factors would be significantly broadened.
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Abstract

Striatal trophic activity was assessed in female rhesus monkeys of advancing age rendered hemiparkinsonian by unilateral intracarotid
administration of MPTP. Three age groups were analyzed: young adults (8-9.5 years) n = 4, middle-aged adults (15-17 years) n = 4, and
aged adults (21-31 years) n = 7. Fresh frozen tissue punches of caudate nucleus and putamen were collected 3 months after MPTP treatment
and assayed for combined soluble striatal trophic activity, brain-derived neurotrophic factor (BDNF) and glial cell line-derived neurotrophic
factor (GDNF). This time point was chosen in an effort to assess a relatively stable phase of the dopamine (DA)-depleted state that may
model the condition of Parkinson’s disease (PD) patients at the time of therapeutic intervention. Analyses were conducted on striatal tissue
both contralateral (aging effects) and ipsilateral to the DA-depleting lesion (lesion X aging effects). We found that combined striatal trophic
activity in the contralateral hemisphere increased significantly with aging. Activity from both middle-aged and aged animals was significantly
elevated as compared to young adults. Following DA depletion, young animals significantly increased combined striatal trophic activity, but
middle-aged and aged animals did not exhibit further increases in activity over their elevated baselines. BDNF levels in the contralateral
hemisphere were significantly reduced in aged animals as compared to young and middle-aged subjects. With DA depletion, BDNF levels
declined in young and middle-aged animals but did not change from the decreased baseline level in old animals. GDNF levels were
unchanged with aging and at 3 months after DA depletion. The results are consistent with several conclusions. First, by middle age combined
striatal trophic activity is elevated, potentially reflecting a compensatory reaction to ongoing degenerative changes in substantia nigra DA
neurons. Second, in response to DA depletion, young animals were capable of generating a significant increase in trophic activity that was
sustained for at least 3 months. This capacity was either saturated or was not sustained in middle-aged and aged animals. Third, the aging-
related chronic increase in combined striatal trophic activity was not attributable to BDNF or GDNF as these molecules either decreased or
did not change with aging.
© 2004 Elsevier Inc. All rights reserved.
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Animal models are essential tools for understanding
neural mechanisms associated with neurodegenerative
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neurodegenerative disease is advancing age (Baldereschi
et al., 2003; Lindsay et al., 2002; Wakisaka et al., 2003).
While there are several animal models of Parkinson’s
disease (PD) (Cenci et al., 2002; Collier et al., 2003a,b;
Orth and Tabrizi, 2003; Shimohama et al., 2003), the
impact of aging on the brain’s response to dopamine (DA)
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depletion in these models has not received much attention
until recently. Indeed, the common use of young adult
animals depleted of striatal DA as a test system for novel
therapies for PD may yield overly optimistic views of
efficacy. It is unlikely that compensatory mechanisms
expressed in the injured young adult brain remain fully
functional in the aged brain, when individuals most often
manifest neurodegenerative disease. In this regard, we have
demonstrated that embryonic DA neurons grafted into aged
hosts survive more poorly and exert a less potent
therapeutic benefit than identical grafts placed in young
hosts in a rat model of PD (Collier et al., 1999; Sortwell et
al., 2001). These studies were predictive of data collected
in a double-blind human clinical transplant trial in which
superior benefit was observed in younger patients than in
older patients (Freed et al., 2001). We have identified one
potential contributing factor to the poorer graft outcome in
aged rats: an aging-related reduction in striatal DA neuro-
trophic activity (Kaseloo et al., 1996; Ling et al., 2000).
Indeed, supplementation of trophic support in the environ-
ment of grafted DA neurons dramatically enhances graft
survival in aged rat hosts (Collier et al., 1999).

The present study sought to determine whether the
development of an impoverished striatal neurotrophic
environment resulting from advancing age presents a
challenge for experimental therapeutics in a species more
closely related to humans. We compared measures of
striatal trophic factors for DA neurons in the intact and
DA-depleted hemispheres of female rhesus monkeys of
advancing age treated with unilateral intracarotid admin-
istration of MPTP. The striatum contralateral to MPTP
lesion permits assessment of trophic factors as affected
primarily by aging processes. The striatum ipsilateral to
MPTP lesion allows for the assessment of these molecules
in the context of the interaction between aging and severe
DA depletion. Samples from the DA-depleted hemisphere
were collected at 3 months after MPTP treatment. This time
point was chosen in an effort to assess a relatively stable
phase of the DA-depleted state that may model the
condition of PD patients embarking upon a therapeutic
intervention. Three assays were conducted. First, we
assessed the ability of aggregate soluble trophic activity in
extracts of the striatum to support DA neurons in culture.
Trophic activity measured in this fashion is inversely related
to DA tone in preclinical studies (Carvey et al., 1989, 1991,
1993a,b, 1996; Nijima et al., 1990; Tomozawa and Appel,
1986) and is increased in PD (Carvey et al., 1993b; Yu et
al., 1994). Second, brain-derived neurotrophic factor
(BDNF) levels were assayed by enzyme-linked immuno-
sorbent assay (ELISA). Converging lines of evidence
support the concept that BDNF is a potent trophic factor
for DA neurons in vitro and in vivo (Collier and Sortwell,
1999). BDNF is present in substantia nigra DA neurons
(Seroogy and Gall, 1993; Seroogy et al., 1994) and in the
striatum (Conner et al., 1997; Kawamoto et al., 1996) is
regulated during nigral development (Friedman et al.,

1991), increases in response to DA depletion (Funa et al.,
1996; Yurek and Fletcher-Turner, 2000, 2001; Zhao et al.,
1996), and the response to DA depletion is lost with aging
in rats (Yurek and Fletcher-Turner, 2000, 2001). Substantia
nigra BDNF is decreased in PD (Howells et al., 2000;
Mogi et al., 1999; Parain et al., 1999). Third, glial cell
line-derived neurotrophic factor (GDNF) was assayed by
ELISA. GDNF also is a potent trophic factor for DA
neurons in vitro and in vivo (Collier and Sortwell, 1999).
GDNEF is retrogradely transported from the striatum to the
substantia nigra (Ai et al., 2003; Kordower et al., 2000;
Wang et al., 2002). Within the nigra, GDNF is found in
astrocytes (Choi-Lundberg and Bohn, 1995; Schaar et al.,
1993), is regulated during development (Choi-Lundberg
and Bohn, 1995; Stromberg et al., 1993), and declines with
aging in rats (Yurek and Fletcher-Turner, 2001). Immuno-
histochemical studies have reported decreases in nigral
GDNF in PD (Chauhan et al., 2001).

Our findings indicate that total trophic activity is
significantly increased in the intact striatum by middle
age and remains elevated in old age. In response to DA
depletion, this combined activity is significantly increased
in young adult monkeys but is not elevated above the
already increased basal levels in middle-aged and aged
monkeys. Striatal BDNF levels decrease significantly in
the intact striatum in the oldest age group only and
following DA depletion in young and middle-aged animals
declines to the same extent seen in aged monkey. No
significant changes were detected in striatal GDNF levels
with aging or in response to DA depletion at 3 months
post-MPTP.

Materials and methods
Animals

Subjects were female rhesus monkeys (Macaca mulatta)
weighing 6-9 kg. Three age groups were studied: young
adult (8-9.5 years) n = 4, middle-aged (15-17 years) n =4,
and aged (21-31 years) n = 7. Rhesus monkeys age at a
rate of 3:1 as compared to humans (Andersen et al., 1999).
Thus, our groups model the equivalent of 24 years, 45-51
years, and 63-93 years of human life. Animals were
housed in individual primate cages and cared for in the
AALAC approved Biological Resources Laboratory at the
University of Illinois-Chicago. All monkeys were treated
with unilateral intracarotid administration of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) (3—4 mg) as
previously described (Emborg et al., 2001). Treatment
resulted in equivalent behavioral signs in all subjects,
principally characterized by complete disuse of the forelimb
contralateral to infusion. Care and use of these animals was
in compliance with all applicable laws and regulations as
well as principles expressed in the National Institutes of
Health, United States Public Health Service Guide for the
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Care and Use of Laboratory Animals. This study was
approved by the Animal Care and Use Committees of the
University of Illinois-Chicago and Rush University Medical
Center.

Tissue

Three months following induction of behavioral symp-
toms, animals were killed by pentobarbital overdose (50
mg/kg with effect confirmed by absence of corneal reflex)
and perfused with physiological saline. Brains were
removed, and each forebrain was divided into coronal
slabs of 4 mm thickness on ice. Tissue punches, 1.3 mm in
diameter, were taken from standard locations (Sladek et al.,
1995) in the ventral-medial caudate nucleus and putamen
at precommissural and commissural levels of the striatum.
Punches were frozen on dry ice and stored at —70°C until
processing. Caudate and putamen punches from the
precommissural striatum were devoted to the assay of
combined soluble trophic activity, and punches from the
commissural striatum were devoted to ELISAs for BDNF
and GDNF. Samples from all animals were not available
for all assays. For all assays, measures derived from
caudate nucleus and putamen were not statistically different
and were combined for presentation as “striatal” trophic
factor activity or levels.

Trophic activity and tissue culture

Striatal tissue was homogenized in ice-cold Hank’s
balanced salt solution (HBSS), centrifuged at 18,000 X g
for 15 min, and the protein concentration of the super-
natant extracts was assessed for total protein using the
Bio-Rad kit. The extract was adjusted to 200 pg protein/ml
and assessed for trophic activity as described previously
(Ling et al., 2000). Briefly, ventral mesencephalon from
embryonic day 14.5 rats was dissected and dissociated into
a cell suspension. Cells were plated at 125,000 cells/cm?
in 96-well plates and incubated in 75% serum-free-defined
media (DM) + 25% striatal tissue extract. On every plate,
controls were used to assess baseline growth. These
control cultures were incubated in 75% DM + 25% HBSS
instead of striatal extract. Each plate also had 2 wells in
which cells were incubated in 90% DM + 10% fetal calf
serum. These positive controls were used to establish that
cultures were growth responsive. Plates in which the
tyrosine hydroxylase immunoreactive (THir) cell counts in
the positive controls were not at least 2x that seen in
plate controls were discarded. After incubation for 72 h,
cultures were fixed, stained, and counts of THir neurons
were performed. Cells were counted in a cross pattern
covering 44% of the well surface. The THir cell counts in
each well were divided by the average THir cell count
in the plate controls and used as a survival index. Each
extract was tested in at least two independent culture
runs.

Enzyme-linked immunosorbent assay (ELISA) for BDNF
and GDNF

ELISAs for BDNF and GDNF followed previously
published protocols (Yurek and Fletcher-Turner, 2000,
2001). Each tissue sample was weighed prior to freezing
at —80°C. Subsequently, tissue samples were homogen-
ized in 25 volumes of buffer [400 mM NaCl, 0.1%
Triton-X, 2.0 mM EDTA, 0.1 mM benzethonium chloride,
2.0 mM benzamidine, 0.1 mM PMSEF, Aprotinin (9.7
TIU/ml), 0.5% BSA, 0.1 M phosphate buffer, pH 7.4].
The homogenate was centrifuged for 10 min at 10,000 x
g at 4°C. The neurotrophic factor content was determined
in 100 pl aliquots of supernatant with an antibody
sandwich format: extracted neurotrophic factor from each
sample was captured with a neurotrophic factor-specific
monoclonal antibody (mAb), the captured neurotrophic
factor was then bound to the second, neurotrophic factor-
specific polyclonal antibody (pAb). After washing, the
amount of specifically bound pAb was detected using a
species-specific anti-IgY antibody conjugated to horse-
radish peroxidase (HRP) as a tertiary reactant. Unbound
conjugate was removed by washing, and following an
incubation period with a chromogenic substrate the color
change was measured. The amount of BDNF or GDNF is
proportional to the color change generated in an
oxidation-reduction reaction (Promega E, .. Immuno-
Assay System) and detected in a microplate reader set at
450 nm.

Statistics

Comparisons of counts of THir neurons in culture and
trophic factor levels were analyzed with analysis of variance
(ANOVA) followed by Fisher’s protected least significant
differences (PLSD) test.

Results
Combined striatal trophic activity

There was an aging-related increase in the combination
of soluble trophic factors derived from the caudate nucleus
and putamen contralateral to MPTP exposure. This was
demonstrated by the significant increase in the capacity for
this trophic activity to support survival and growth of
cultured rat DA neurons [F(5,49) = 3.857, P = 0.005].
The approximate 50% increase in survival of THir neurons
in culture was evident by middle age and sustained in old
age (Figs. 1 and 2). For young adult monkeys, extracts
derived from the DA-depleted hemisphere produced a
significant 50% increase in survival of cultured DA
neurons, matching the elevated baseline levels of older
monkeys. In contrast, samples from the DA-depleted
hemisphere of middle-aged and aged subjects maintained
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Fig. 1. Striatal-derived trophic activity for cultured rat dopamine (DA) neurons is increased with aging and in response to DA depletion in young adult, but not
aged, monkeys. Micrographs illustrate representative fields of cultured embryonic day 14.5 rat ventral mesencephalon immunostained for tyrosine hydroxylase
(TH) to visualize DA neurons. Cultures were exposed to striatal extracts from monkeys of varying ages for 72 h and quantified for TH-positive cell numbers
relative to control cultures not exposed to extracts. As shown, extracts from the intact striatum exhibit an aging-related increase in trophic support for DA
neurons. Comparison of effects of extracts from the intact and DA depleted hemispheres of young and old monkeys indicates that striatal DA depletion triggers
increased trophic activity in young adult monkeys, but that aged monkeys do not exhibit any further increase in trophic activity over their already elevated

baseline levels. Scale bar = 50 um.
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Fig. 2. Combined nonhuman primate striatal trophic activity for cultured
dopamine (DA) neurons. Counts of tyrosine hydroxylase (TH)-positive
neurons in cultures exposed to striatal extracts are presented as compared to
control cultures not exposed to extracts. For extracts derived from the intact
striatum, an approximately 50% increase in trophic activity is detectable by
middle age and sustained in old age. In response to striatal DA depletion,
young adult monkeys generate a similar 50% increase in trophic activity,
but further increases beyond elevated baseline levels are not produced in
middle-aged and aged monkeys. ANOVA: F(5,49) = 3.857, P = 0.005.
Fisher’s PLSD: *P < 0.002 for young intact as compared to all other
groups.

increased trophic support but were not elevated above the
already increased levels of the contralateral hemisphere
attributable to aging.
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Fig. 3. Striatal BDNF levels as measured with ELISA. BDNF levels are
presented as nanograms of BDNF per gram tissue. For the intact striatum,
BDNF levels were found to be maintained from young adulthood into middle
age but decreased significantly in old age. Following dopamine depletion,
young adult and middle-aged monkeys exhibited significant decreases in
striatal BDNF. Aged monkeys showed no further decline in BDNF beyond
their depleted baseline levels. ANOVA: F(5,42) =4.508, P = 0.002. Fisher’s
PLSD: "P <0.05 as compared to intact hemisphere; *P < 0.02 as compared to
intact hemisphere of young and middle-aged monkeys.
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Fig. 4. Striatal GDNF levels as measured with ELISA. GDNF levels are
presented as nanograms of GDNF per gram tissue. No differences were
found in striatal levels of GDNF with aging or at 3 months after dopamine
depletion. ANOVA: F(5,38) = 0.729, P = 0.606.

Striatal BDNF levels

BDNF levels measured in striatal samples from the
hemisphere contralateral to MPTP exposure exhibited a
significant aging-related decline of approximately 40% that
was detectable only in the oldest age group [F(5,42) =
4.508, P = 0.002] (Fig. 3). In response to DA depletion,
striatal BDNF decreased significantly in young adult and
middle-aged subjects but did not decrease further in the
already BDNF-depleted-aged subjects.

Striatal GDNF levels

GDNF levels assayed from the striatum of the hemi-
sphere contralateral to MPTP exposure showed no changes
associated with advancing age [ F(5,38) = 0.729, P = 0.606]
(Fig. 4). Similarly, at 3 months after MPTP-induced DA
depletion, striatal GDNF levels were not significantly
different from levels in the contralateral hemisphere.

Discussion

The expression of neurotrophic factors is a dynamic
process and a defining event associated with nervous system
development, aging, and the response to damage and
disease. For the nigrostriatal system, BDNF and GDNF
perhaps are the most studied of the more than 20 molecules
with known neurotrophic effects for DA neurons (Collier
and Sortwell, 1999). Abundant information exists in the
literature on the regulation of neurotrophic factors during
early development of the nervous system, and these data
serve in part as the rationale for their potential therapeutic
efficacy. Our understanding of how aging influences
neurotrophic function is in its relatively early stages. Most
studies examining aging effects of trophic factors upon the
nigrostriatal DA system have been conducted on aged rats.

Virtually no such studies have been performed in aging
nonhuman primates, and the data collected in our study
present several differences from what has been found in
rodents.

Similar to the present study, the majority of evidence on
striatal trophic factor levels obtained from aging rats used a
unilateral DA depletion model. The hemisphere contrala-
teral to unilateral infusion of 6-hydroxydopamine (6-
OHDA) has been assayed for changes in trophic factors as
a function of chronological age and the hemisphere
ipsilateral to 6-OHDA was assayed for the reaction of the
aging striatum to severe DA depletion. It should be noted
that the use of the hemisphere contralateral to unilateral DA
depletion might not be a perfect representation of a truly
“intact” striatum from untreated animals. Unilateral lesions
will remove the very small percentage of nigrostriatal DA
fibers that cross to the contralateral striatum (Hedreen and
DeLong, 1991), and in the case of intracarotid adminis-
tration of MPTP there can be evidence of exposure
contralaterally (Eberling et al., 2002). The presence or
absence of crossover effects appears to be dose related,
occurring with increased frequency at relatively higher
doses (Guttman et al., 1990). For the present study, parallel
analysis of substantia nigra cell numbers in the same
monkeys using unbiased stereology has found no difference
between counts in the hemisphere contralateral to MPTP
exposure and counts derived from untreated monkeys. Thus,
for the cases presented here, we have no evidence of
significant MPTP exposure to the contralateral hemisphere.
With this potential caveat in mind, we will refer to the
hemisphere contralateral to unilateral DA depletion as
“intact,” for convenience, in the remainder of the discussion.

Studies in aging rats have been conducted using the same
assays reported here. For effects on combined striatal
trophic activity attributable to aging, parallel analysis of
the striatum of untreated rats and the striatum contralateral
to a unilateral 6-OHDA lesion detected identical results.
This supports the view that the hemisphere contralateral to
unilateral DA depletion can be appropriate for study as an
intact control. For aging rats, combined striatal trophic
activity for cultured DA neurons derived from intact
striatum was relatively preserved through middle age (4,
12, and 18 months old) but declined significantly in
advanced age (23 months old) (Ling et al., 2000). Striatal
levels of GDNF, but not BDNF, decreased significantly in
aged rats (4—5 months old as compared to 31-34 months
old) (Yurek and Fletcher-Turner, 2000, 2001).

Our evidence from the intact hemisphere of aging
monkeys is considerably different from the pattern detected
in rats. We found that combined striatal trophic activity for
cultured DA neurons is significantly increased by middle
age and remains elevated in old age. No change in striatal
GDNF levels was detected with advancing age. Striatal
levels of BDNF were stable from young adulthood through
middle age but declined significantly in the oldest monkeys.
These same monkey subjects have been assessed for
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biochemical and morphological markers of the nigrostriatal
DA system, providing a context not available in the rat
studies. Our studies show that striatal DA levels are
significantly decreased by middle age in the intact striatum,
and that THir neurons in substantia nigra exhibit no overt
cell loss but do show decreasing soma size and intensity of
TH immunoreactivity that is progressive from young
adulthood through middle age into old age (Collier et al.,
2003a,b). Thus, the increase in combined striatal trophic
activity detected parallels the timing of degenerative
changes in DA neurons and is likely to be a compensatory
response triggered during the aging process in this system.
Furthermore, our evidence suggests that chronic increases in
striatal trophic activity generated during aging cannot be
attributed to increases in GDNF or BDNF as these neuro-
trophic factors either do not change or decline. Finally, the
trophic compensation generated at best appears to maintain
a reduced level of striatal DA from middle age into old age
and does not forestall progressive signs of morphological
deterioration at the level of substantia nigra DA cell bodies.

The findings from the DA-depleted striatum of aging rats
and monkeys must necessarily be interpreted in the context
of the timing of sample collection following lesion. Both rat
studies and our monkey study endeavored to examine
trophic factor levels at a time believed to represent the
characteristics of stable DA depletion and were meant to
model the state of the striatum when therapeutic intervention
might be instituted for a PD patient. Still, the scope of such
analyses is limited by the required focus on selected time
points. In rats, combined striatal trophic activity ipsilateral
to DA depletion is significantly increased in younger
animals (4 and 12 months old) and this response is entirely
absent in older animals (18 and 23 months old) (Ling et al.,
2000). This assay was performed at 8 weeks after unilateral
6-OHDA lesion. Striatal levels of BDNF and GDNF have
been demonstrated to increase significantly at 2-4 weeks
ipsilateral to unilateral DA depletion in young adult rats (4—
5 months old), but no increase is detected in aged rats (31—
34 months old) (Yurek and Fletcher-Turner, 2000, 2001).
There is evidence that this 2- to 4-week timeframe may
represent a period of maximal response for these factors, as
BDNF levels while elevated in young adult rats at 2 weeks
after DA depletion decline to baseline by 7 weeks after
lesion (Zhao et al., 1996). Taken together, the evidence from
aging rats supports the view that DA depletion triggers
increased striatal trophic activity in young rats, but that this
response is compromised in aged rats.

Consistent with findings in rats, young adult monkeys
increased striatal trophic activity in response to severe DA
depletion, while middle-aged and aged adults did not. This
increase in young monkeys was sustained at 3 months after
unilateral MPTP administration. The failure to detect an
increase in trophic activity in older monkeys was potentially
the result of the aged animals’ inability to generate further
increases beyond the already elevated baseline levels. Thus,
the compensatory response in older monkeys may be

saturated by the response to aging per se. Alternatively,
we cannot rule out the possibility that older animals
generate further increases in trophic activity over a transient
time course. However, it is interesting that the combined
striatal trophic response generated in young monkeys
following sudden severe DA depletion is of the same
magnitude as the response triggered by gradual aging-
related deterioration of the DA system. This might favor the
interpretation that the increase observed represents a bio-
logical maximum for this compensatory response.

Changes in BDNF and GDNF predicted by rat studies
also did not hold true for monkeys. While young adult rats
increased striatal BDNF levels at 2—4 weeks following DA
depletion, young and middle-aged monkeys exhibited
significant decreases in BDNF levels following DA
depletion. Like aged rats, aged monkeys did not exhibit
any change in BDNF following DA depletion. The
equivalent levels of striatal BDNF displayed by DA-
depleted young and middle-aged monkeys and the intact
hemisphere of old monkeys is consistent with exhaustion of
the pool of BDNF that resides within nigrostriatal DA
neurons. The compensatory increase of BDNF seen in
young rats following DA depletion is hypothesized to be a
consequence of increased BDNF derived from non-DA
neuron sources in the striatum (Yurek and Fletcher-Turner,
2000, 2001). The most likely source is provided by
anterograde transport from cortex (Altar and DiStefano,
1998; Altar et al., 1997; Mufson et al., 1999). To the extent
that this is accurate, our findings indicate that BDNF
compensation from other sources either does not occur in
nonhuman primates or occurs over a shorter time course and
is not maintained. Our cases showed no significant change
in striatal GDNF levels following DA depletion. While this
indicates that any change in GDNF is not maintained over
time, it does not rule out the possibility that a more transient
response is generated as suggested by rat studies. Further-
more, these data indicate that any enhancement of endog-
enous GDNF that might be provoked by DA depletion is
unlikely to be active at the time of therapeutic intervention
in PD patients.

The disconnect between changes in striatal trophic
activity during aging and in response to DA depletion in
rats and monkeys was unanticipated but supports the
importance of the nonhuman primate model for the final
evaluation of experimental therapeutics for humans. The
presence of elevated combined striatal trophic activity that is
sustained in aging, and in response to MPTP-induced DA
depletion, argues against the view that aging produces a
generalized impoverished trophic environment that may
adversely affect therapeutic strategies dependent upon this
activity. However, we demonstrate that this increased
trophic response is unable to forestall degenerative changes
in the DA system, as these same monkeys display aging-
related decreases in striatal DA and morphological signs of
deterioration in nigral cell bodies. The combination of
trophic molecules constituting this striatal response remains
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to be determined, but the failure of trophic signaling to
completely preserve DA neuron integrity appears not to be a
product of decreased levels of all molecules that can
generate DA neurotrophic effects. Our findings suggest that
chronic increases in striatal trophic activity expressed during
aging and the compensatory response generated by DA
depletion in young adult monkeys are not attributable to
increased levels of BDNF or GDNF as these molecules
either decreased or remained stable. This may suggest that
declines in BDNF in conjunction with low adult levels of
GDNF are specifically associated with aging-related dete-
rioration of the DA system.
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Abstract

Vascular inflammation is well known for its ability to compromise the function of the blood—brain barrier (BBB). Whether inflammation
on the parenchymal side of the barrier, such as that associated with Parkinson’s-like dopamine (DA) neuron lesions, similarly disrupts
BBB function, is unknown. We assessed BBB integrity by examining the leakage of FITC-labeled albumin or horseradish peroxidase
from the vasculature into parenchyma in animals exposed to the DA neurotoxin 6-hydroxydopamine (60HDA). Unilateral injections of
60HDA into the striatum or the medial forebrain bundle produced increased leakage in the ipsilateral substantia nigra and striatum 10
and 34 days following 60HDA. Microglia were markedly activated and DA neurons were reduced by the lesions. The areas of BBB
leakage were associated with increased expression of P-glycoprotein and B3-integrin expression suggesting, respectively, a
compensatory response to inflammation and possible angiogenesis. Behavioural studies revealed that domperidone, a DA
antagonist that normally does not cross the BBB, attenuated apomorphine-induced stereotypic behaviour in animals with 60HDA
lesions. This suggests that drugs which normally have no effect in brain can enter following Parkinson-like lesions. These data

suggest that the events associated with DA neuron loss compromise BBB function.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
characterized by bradykinesia, tremor, and rigidity secondary to the
loss of dopamine (DA) neurons in the substantia nigra (SN). A genetic
cause has been implicated in some cases (Hedrich et al., 2004), but the
majority of cases are considered idiopathic and probably a conse-
quence of an environmental toxin (Di Monte, 2003). Regardless of
cause, it is clear that inflammatory events are associated with the DA
neuron loss (Hirsch et al., 2003; Jenner, 2003). Thus, microgliosis and
astrocytosis are prevalent in the SN of PD patients (McGeer &
McGeer, 2004b), the inducible form of nitric oxide synthase (iNOS)
and cyclooxygenase 1- and 2-containing microglia are elevated (Knott
et al., 2000), while the reduced form of glutathione is decreased, all
suggesting oxidative stress (Pearce et al., 1997). Moreover, elevations
in tumour necrosis factor alpha (TNFo) and other proinflammatory
cytokines are observed (Boka et al., 1994; Mogi et al., 1994). Whether
or not this inflammation is a cause of PD, a consequence of the
degenerative process or a contributing factor to disease progression is
unknown at this time (McGeer & McGeer, 2004a).

Inflammation is known to disrupt the function of the blood-brain
barrier (BBB) as is true in meningitis and sepsis, and as shown more
recently in trauma, stroke, multiple sclerosis and epilepsy (Huber
et al., 2001a). Whether or not the inflammatory events that accompany
a neurodegenerative disorder such as PD alter the BBB have not been
carefully studied, however. One study by Haussermann et al. (2001)
revealed no changes in blood—cerbrospinal fluid (CSF) barrier function
by examining CSF : serum ratios and oligoclonal bands in PD
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patients. In contrast, Faucheux et al. (1999) showed an increase in
vascular density in the SN suggesting vascular remodeling potentially
resulting from vascular inflammation. Barcia et al. (2004) described
microangiogenesis in the PD brain which is often associated with
barrier dysfunction, while Farkas et al. (2000) reported pathological
changes in capillary microanatomy in patients with PD and Alzhei-
mer’s disease. Dysfunction of the BBB has also been suggested more
recently by Barcia et al. (2005) who demonstrated increased levels of
vascular endothelial growth factor and increased numbers of vessels in
the SNs of PD patients, and by Kortekaas et al. (2005) who reported
reduced amounts of P-glycoprotein (P-gp) in the SN. Despite these
studies which suggest abnormality of function in the BBB of PD
patients, the relationships among DA neuron loss and actual barrier
leakage has never been formally tested.

Neuroinflammation is associated with microglial activation which,
interestingly, has been shown to occur prior to BBB disruption in
other neuroinflammatory models (Lynch et al., 2004). A primary
product of microglial activation is TNFo, which is also known to
increase BBB permeability (Tsao e al., 2001; Didier et al., 2003).
Because our group (Ling et al., 2002a; Ling et al., 2002b; Carvey
et al., 2003; Ling et al., 2004a) and several others (Gao et al., 2002;
Sriram et al., 2002; Ferger et al., 2004; Mladenovic et al., 2004)
have shown that neurotoxins which kill DA neurons are associated
with neuro-inflammation, microgliosis and increases in TNFo, we
wondered whether this type of lesion would disrupt the BBB. We
therefore studied the leakage of large molecules [fluorescein
isothiocyanate (FITC)-labeled albumin and horseradish peroxidase
(HRP)] from vasculature into brain following 60HDA lesions of the
striatum and medial forebrain bundle (MFB) to determine whether a
Parkinson-like lesion leads to leakage of these large molecules into
brain.



Materials and methods
Experimental animals

Seventy-two young adult male Sprague-Dawley rats (225-250 g)
were used in this study. The animals were housed in pairs in
environmentally regulated quarters (lights on 06.00-18.00 h) with
free access to food and water for the duration of the study. This
study was conducted in accordance with the Policies on the Use of
Animals and Humans in Neuroscience Research, and was approved
by Rush University’s Institutional Animal Care and Utilization
Committee.

Animal surgery

We first studied an intrastriatal 60HDA lesion so that puncture
wounds, which are known to disrupt the BBB (Borlongan et al.,
2004), would not compromise the study of barrier function in the
SN. Twelve rats were injected under pentobarbital anesthesia
(40 mg/kg) with 60HDA unilaterally into three sites within the
striatum, according to a modified method of Sauer (Sauer & Oertel,
1994).The coordinates of three sites were: bregma —0.4, lateral —3.0
and ventral —4.5 mm; bregma —0.4, lateral —4.0 and ventral
—6.0 mm; and bregma —0.4, lateral —4.0 and ventral —7.5 mm.
Another group of 18 rats was injected with 60HDA unilaterally into
the MFB (coordinates: bregma —-3.6, lateral —2.0 and ventral
—=7.5 mm). 60HDA was infused at a dose of 8 pg in 2 pL in 0.2%
ascorbic acid in each location. Two groups of control animals
(n = 6 each) were injected with 2 pL 0.2% ascorbate vehicle in the
same locations as their respective experimental groups.

FITC-labeled albumin leakage

Ten days following 60HDA injection (a time of anticipated significant
inflammation in the SN secondary to degeneration from 60HDA in
the striatum or MFB), the animals were anaesthetized (60 mg/kg
pentobarbital) and killed. A second group of animals were killed
34 days following 60HDA injection into the MFB.

Heparin [100 units/kg in 0.2 mL Hanks’ balanced salt solution
(HBSS)] was injected into the common carotid artery following
cardiac puncture in all animals. Immediately after heparin injection,
10 mL FITC-labeled albumin (5 mg/mL) was similarly infused
according to the method of Cavaglia et al. (2001). The right atrium
was opened and the descending circulation was clamped off during
infusion. Within 2 min, the brains were removed and immediately
immersed into 10 mL Zamboni’s fixative (7.5% saturated picric acid,
12 mM NaH,PO,4, 88 mM Na,HPO, and 4% paraformaldehyde).
Three days later, the fixative was replaced with 30% sucrose as
described previously (Ling et al., 2004a,b). In a variation on this
procedure, we perfused Zamboni’s fixative into the ascending carotid
artery immediately following the 2-min FITC-labeled albumin infu-
sion (four 60HDA-lesioned animals and four ascorbate-injected
animals).

HRP leakage

In a parallel experimental series, three rats were injected with
60HDA and three with ascorbate into MFB as described above
and perfused 10 days later under pentobarbital anesthesia with
10 mL HRP (500 pg/mL; Sigma) over 2 min. After 2 min the
brains were removed and immediately immersed in Zamboni’s
fixative and processed as described above.
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Visualizing and quantifying the FITC-labeled albumin leakage

The brains from the animals were sectioned (40 pm) and mounted on
slides for visualization using confocal microscopy (Olympus, Japan).
Series of sections (six sections/series) were taken through the
striatum, hypothalamus, parietal cortex, SN and the area postrema.
For studies involving leakage quantification, the animals were
perfused with FITC-labeled albumin and subsequently perfusion-fixed
with Zamboni’s fixative. The confocal microscope was set using brain
sections from a normal animal to determine the photomultiplier tube,
gain and offset settings in the window. This step was performed to
eliminate auto-fluorescence in the brain tissue. Once these were
determined, all the tissue sections were recorded using the same
settings. The SN was outlined anatomically and the relative fluores-
cence units read automatically using FluoView software.

Immunohistochemistry

All brains were processed for the number of tyrosine hydroxylase
(TH)-immunoreactive (-ir) cells; this number was used as an index of
dopaminergic neuron survival. The brains were sectioned at 40 pm
using a sliding microtome and divided into six consecutive series. For
TH-ir cell counts, the sections from one series were stained overnight
with primary antibody [mouse vs. rat TH (1 : 10 000; Immunostar,
Hudson, WI) followed by biotinylated secondary antibody (horse vs.
mouse IgG; Vector Laboratories)]. The TH was visualized using either
a peroxidase-conjugated avidin-biotin complex and 3,3’-diam-
inobenzidine (DAB) with nickel enhancement as described previously
(Ling et al., 2002b) for stereological assessment, or with cyanine 5
(Cy5) (FluoroLink Cy5-labeled streptavidin; Amersham) for fluores-
cence visualization.

Selected sections were also processed for Ox-6 as a marker for
activated microglia, 33-integrin as a marker for neovascularization, or
P-gp. Ox-6 (mouse vs. rat Major Histocompatability Complex (MHC)
class II, 1 : 10 000; Novus Biological, Littleton, CO) was incubated
with the sections overnight and then processed using DAB and nickel
as described above. Primary antibody to f3-integrin (mouse vs. human
B3-integrin, 1: 10 000; SZ21, Immunotech) or P-gp (mouse vs.
human, 1 : 5000; Becton Dickinson) was incubated overnight with
sections and processed using biotinylated horse vs. mouse IgG
secondary antibody followed by Cy5-conjugated streptavidin (Fluoro-
Link Cy5-labeled streptavidin; Amersham) for confocal analysis.

Stereological assessment of TH-ir cell counts

The estimation of the total number of TH-ir neurons in the SN was
determined using the computerized optical dissector method using
MicroBrightField software as described previously (Gunderson et al.,
1988; Vu et al., 2000). Briefly, the antibody penetration throughout the
whole tissue section was assessed by dissectors using an imaging
capture technique. The total number (N) of SN cells was calculated
using the formula N = NV X VSN, where NV is the numerical density
and VSN is the volume of the SN, as determined by Cavalieri’s
principle (Cavalieri, 1966).

Behavioural testing

Twenty-four additional rats were separated into four groups for
behavioural testing following MFB lesioning. For lesioning, 12
animals were injected with 60HDA and 12 were injected with the
ascorbate vehicle. After 17 days, half of each of these groups received
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a single i.v. injection of domperidone [10 mg/kg in dimethyl sulfoxide
(DMSO) at 1 mL/kg] or the DMSO vehicle (1 mL/kg). The animals
were placed into a restraining tube and the tail was immersed in warm
water (= 37 °C) to allow for easy visualization of the tail vein. The
drug or vehicle was then administered i.v. at the base of the tail. Sixty
minutes later, each animal received a s.c. injection of apomorphine HCI
(0.75 mg/kg). Stereotypic behaviour (SB) was assessed as described
previously (Carvey et al., 1990) by an investigator blinded to treatment
history. Briefly, the SB response was assessed using a 5-point rating
scale (from 0+ as quietly resting to 5+ as compulsive gnawing on the
cage). These interval scores were recorded every 5 min through the
completion of the response, defined as two consecutive intervals of 0+
behaviour (=~ 60 min). The sum of these interval scores was used to
generate an Animal Score which was used as an index of the overall
response of the animal. In addition to SB, the animals were also
observed for other behaviours (e.g. rotation).

Statistical analyses

Ipsilateral-contralateral and treatment differences (6OHDA vs. ascor-
bate) for the TH-ir cell counts and the optical density of fluorescence
leakage were assessed using two-way ANOVA. Individual interval SB
assessments were summed for a given animal to yield an Animal Score
for each animal within the four treatment groups (domperidone vs.
DMSO and 60HDA vs. ascorbate). The Animal Scores were assessed
using two-way ANOVA. If statistical differences were detected, post hoc
group differences were determined using Tukey’s test (P < 0.05).

Results
60HDA increased FITC-labeled albumin leakage

We injected 60HDA into the striatum and assessed FITC-labeled
albumin leakage into the SN and striatum 10 days later. This strategy
was used to produce a retrograde neurodegeneration response in the
SN at a site remote from the puncture wound. In animals injected with
ascorbate, the blood vessels in the SN, both ipsi- and contralateral to
the injection, were well defined with no apparent leakage of the
fluorescent dye (Fig. la and b). Similar results were seen in the
contralateral SN of the animals treated with 60HDA (Fig. lc).
Although vessels could be clearly identified in the SN ipsilateral to the
60HDA lesion, there were also patchy areas of significant leakage
(‘hot spots’) where individual vessels could not be detected because of
the apparent leakage of the FITC-labeled albumin into the surrounding
parenchyma (Fig. 1d). Ten days after stereotaxic surgery, little
apparent FITC-labeled albumin leakage was seen around the needle
tracks of the ascorbate injection site in the striatum (Fig. 1e) whereas
there was intense leakage around the 60HDA injection site (Fig. 11).
As previously suggested by Cavaglia et al. (2001) the number of
FITC-labeled albumin-filled vessels differed by region and, based on
gross inspection of the sections, it appeared that the striatum had fewer
FITC-labeled albumin vessels than did the SN. However, we also
observed areas of incomplete FITC-labeled albumin perfusion in some
animals, potentially due to inadequate perfusion pressure.

A second study was performed in animals killed 10 and 34 days
after unilateral MFB injections of 60HDA. This strategy was used to
determine whether a second type of lesion (between the SN and the
striatum) produced a similar pattern of leakage, and also to determine
whether the leakage was long-lived. In addition, this strategy also
allowed us to determine whether DA neuron loss in the SN and the
axon degeneration response in the striatum would similarly produce
BBB damage. As was true following intrastriatal injection, the

f

FI1G. 1. FITC-labeled albumin leakage 10 days after 60OHDA injection. FITC-
labeled albumin leakage in the ipsilateral (d) SN and (f) striatum 10 days
following unilateral intrastriatal injection of 60HDA. No leakage was seen in
(a) the contra- and (b) ipsilateral SN of a vehicle-injected animal or in
(c) the contralateral SN of a 60HDA-injected animal. Note that there is a
generalised diffuse background fluorescence in the majority of the SN in d as
well as areas of intense fluorescence (‘hot spots’). Also note (e) the clearly
defined needle track in the ascorbate-injected striatum compared with (f)
significant FITC-labeled albumin leakage in a 60HDA-injected animal. Scale
bar, 0.1 mm.

vasculature was well defined in both the striatum and the SN of
animals injected with ascorbate and killed at both 10 (Fig. 2a and b)
and 34 days (Fig. 2e and f). In contrast, MFB injections of 60HDA
produced significant FITC-labeled albumin leakage in both the
striatum and SN ipsilateral to the injection site in animals killed
10 days following lesion (Fig. 2¢ and d) that was still obvious 34 days
following lesion (Fig. 2g and h). No leakage was seen in the
contralateral hemispheres of either group of animals (data not shown).

It is possible that the leakage seen was a consequence of the FITC-
labeled albumin slowly leaking from vessels into brain while the
brains were stored in the freezer. In order to exclude this possibility,
another group of animals was perfused with FITC-labeled albumin and
then immediately perfused with Zamboni’s fixative. The assumption
was that the vascular FITC label would be washed out of the vessels
by the perfusion fixation step but, if it had leaked into the parenchyma
during the FITC perfusion, it would remain in the parenchyma
following the Zamboni’s fixative perfusion. This appeared to be the
case (Fig. 3). Thus, following perfusion fixation, neither the ipsi- nor
contralateral SN of the controls, nor the contralateral SN of the
60HDA-lesioned animals, exhibited much FITC-labeled albumin
leakage (Fig. 3a—c). In contrast, patchy areas of FITC-labeled albumin
leakage were again present in the SN ipsilateral to 60HDA lesions
(Fig. 3d), suggesting it was in brain parenchyma. In addition, this
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F1G. 2. FITC-labeled albumin leakage 10 and 34 days after MFB 60HDA injection. FITC-labeled albumin leakage was obvious in the ipsilateral striata (c) 10 and
(g) 34 days after an MFB 60HDA injection. Significant leakage was also seen in the SN (d) 10 days and (h) 34 days after MFB 60HDA injection. No leakage
was noted in (a and e) ipsilateral striata or (b and f) SNs, (a and b) 10 and (e and f) 34 days after MFB ascorbate injections (upper row). Scale bar, 0.1 mm.

FiG. 3. FITC-labeled albumin leakage remained after perfusion. This was a
parallel assay to the one shown in Fig. 1, except that the brains were perfused
with Zamboni’s fixative to wash out FITC-labeled albumin in the blood vessels
immediately after FITC-labeled albumin injection. The remaining bright spots
in (d) indicate that FITC-labeled albumin leaked into parenchyma of the SN
ipsilateral to the 6OHDA lesion. No leakage was observed in (a) the contra- or
(b) ipsilateral SN 10 days after ascorbate injections or (c) the contralateral
SN 10 days after 60OHDA injection. Scale bar, 0.1 mm.

procedure allowed us to assess the amount of FITC-labeled albumin
that had leaked into the parenchyma to quantify the amount present in
brain tissue. Comparison of fluorescence units in the ipsi- and
contralateral SNs of ascorbate and 60HDA-lesioned animals using
FluoView Software revealed a 10-fold statistically significant
(Fi7 = 249977, P <0.001) increase in leakage into the ipsilateral
SN relative to contralateral SN of the lesioned animals (Table 1).

60HDA increased HRP leakage

Leakage was assessed using HRP, a more widely used tracer than
albumin to assess BBB integrity. 60HDA or ascorbate was injected

TABLE 1. Fluorescence intensity in the SNs of perfusion-fixed animals
following FITC-labeled albumin infusion

60HDA Ascorbate
Ipsilateral 1056.15 + 161.85* 96.97 £ 12.6
Contralateral 101.30 + 25.61 77.56 + 8.65

Animals were injected intrastriatally with 60HDA or ascorbate vehicle and
intracardially injected with FITC-labeled albumin 10 days later. Immediately
after FITC-labeled albumin injection, animals were perfused with Zamboni’s
fixative to wash out intravascular FITC-labeled albumin. The relative fluores-
cence units represent the leakage of FITC-labeled albumin into the brain par-
enchyma ipsilateral or contralateral to the 60HDA or ascorbate injection.
*P < 0.001 vs. vehicle-injected ipsilateral side.

unilaterally into MFB of the rats and, 10 days later, HRP was infused
into the vasculature within minutes following a heparin injection. As
was true for FITC-labeled albumin, HRP also appeared to leak into
surrounding ipsilateral parenchyma in both the striatum and the SN of
animals injected with 60HDA. The parenchyma of the ascorbate-
injected animals did not reveal significant leakage of HRP in either the
striatum or the SN (data not shown). However, in the striata of the
60HDA-injected animals, there was clear evidence of diffuse leakage
into surrounding parenchyma in the ipsilateral striatum that was not
apparent in the contralateral striatum (Fig. 4a). The HRP leakage was
confined to the striatum and was not seen in other regions of the brain
such as the cortex or thalamus. A pattern of HRP leakage similar to
that of the FITC-labeled albumin leakage was also seen in the SN.
Thus, there appeared to be diffuse leakage into brain parenchyma as
well as areas of significant leakage (‘hot-spots’), as was seen using the
FITC technique (Fig. 4c). In contrast, in the contralateral SN the HRP
was confined to the vasculature (Fig. 4b).

60HDA lesion-induced FITC-labeled albumin leakage was
specific

In order to assess the specificity of the FITC-labeled albumin leakage,
we looked at other areas of the brain. In animals injected intrastriatally
with 60HDA, there was no apparent leakage of FITC-labeled albumin
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Contralateral

Ipsilateral

FiG. 4. HRP leakage 10 days following MFB 60OHDA injection. BBB
damage was assessed by examining HRP leakage assay. (a, right side) The
ipsilateral striatum was darker than the contralateral side, indicating leakage
into the striatum. (b) No HRP leakage was seen in the ipsilateral SN of an
animal injected with ascorbate, whereas clear leakage was detected in the SN
ipsilateral to an MFB 60HDA injection made 10 days earlier. As was true
using FITC-labeled albumin, there was a diffuse background leakage of HRP as
well as areas of significant leakage (c, arrow indicates a ‘hot spot’). Scale bars,
0.5 mm (a), 0.05 mm (b and c).

into the ipsilateral parietal cortex (Fig. 5a) or hippocampus (Fig. 5b),
or into contralateral structures (data not shown). However, when we
examined areas of the brain that are not normally protected by the
BBB, there was apparent leakage into the hypothalamus around
the third ventricle (Fig. 5c, ventromedial hypothalamus) as well as in
the area postrema along the floor of the fourth ventricle (Fig. 5d).

FiG. 5. Negative and positive controls of BBB leakage. The ipsilateral
(a) parietal cortex and (b) hippocampus of an animal injected 10 days earlier
with 60HDA did not exhibit any observable leakage of FITC-labeled albumin.
However, obvious leakage of FITC-labeled albumin was seen in areas not
normally protected by the BBB including (c) the hypothalamus and
(d) the area postrema. Scale bar, 0.1 mm.

Leakage was observed in these areas in all animals regardless of prior
treatment. Interestingly, although there were occasional areas of
leakage that were similar to the ‘hot spots’ observed in the SN and
striatum of the 60HDA animals, the pattern of leakage was best
characterized as diffuse and evenly distributed. The leakage in these
areas was also used as a criterion for the efficiency of FITC-labeled
albumin perfusion. Thus, failure to see FITC-labeled albumin leakage
into the hypothalamus or area postrema would indicate incomplete
perfusion, necessitating removal of that animal from subsequent
analysis.

FITC-labeled albumin leakage was associated with DA neuron
loss

The SNs of the ascorbate and 60HDA intrastriatally-injected animals
killed 10 days later were assessed for TH-ir cell loss using fluores-
cence and DAB immunochemistry. Confocal fluorescence of FITC-
labeled albumin (green) and TH-ir cells (red) revealed normal
vasculature, and TH-ir cells in both the compacta and reticulata
regions of animals in the ascorbate-injected group (Fig. 6a—c). In
contrast, TH immunoreactivity was less intense in both the ipsilateral
SN compacta and reticulata of the 60OHDA-injected animals (Fig. 6e).
In these animals, both the SN compacta and reticulata revealed
numerous areas of FITC-labeled albumin leakage (hot-spots; Fig. 6d)
that were generally associated with an area of TH immunoreactivity
(Fig. 6f). Interestingly, the hot-spots were often concordant with the
red fluorescence, suggesting that FITC-labeled albumin leakage was
more often seen in areas where TH immunoreactivity was present
(yellow in Fig. 6f). Adjacent sections were processed for TH
immunochemistry using DAB, submitted to quantitative stereology.
Intrastriatal 60HDA  produced a statistically  significant
(F5,9 = 18.83; P <0.001) 38.46% decrease in TH-ir cells in the
SN relative to the ipsilateral side of the ascorbate-injected controls, in
good agreement with the 40% TH-ir cell loss seen by Sauer & Oertel
(1994) at 14 days following intrastriatal lesions. There were no other
statistically significant pair-wise comparisons among the treatment
groups.

p3-Integrin was increased in areas of increased FITC-labeled
albumin leakage

Additional sections from animals injected intrastriatally with 60HDA
or ascorbate were processed for FITC-labeled albumin leakage and
B3-integrin. FITC-labeled albumin leaked into surrounding paren-
chyma in the SNs of the 60HDA animals (Fig. 7d), but not the
controls. Although B3-integrin reactivity was diffusely seen in control
SN (Fig. 7b), it was dramatically increased in animals injected with
60HDA (Fig. 7e). Indeed, the apparent hot-spots for FITC leakage
were highly concordant with areas of intense B3-integrin signal in the
60HDA animals (Fig. 7f), whereas little concordance was seen in the
ascorbate controls (Fig. 7c). It is important to note that B3-integrin is
also expressed on platelets (Akiyama et al., 1991), which could have
contributed to the apparent increases seen. However, if this were the
case, then the increase would also be seen in the contralateral SNs of
animals injected with 60HDA or in animals injected with ascorbate.

TH-ir cell loss was associated with increased microglial
activation

Additional SN sections from the animals injected intrastriatally with
ascorbate or 6OHDA and killed 10 days later were processed for Ox-6

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 22, 1158—1168



Neurodegeneration and BBB 1163

F1G. 6. Association of FITC-labeled albumin leakage and TH-ir cell loss. FITC-labeled albumin (green) and TH-ir cells (red) in the ipsilateral SN of an animal
injected intrastriatally with (a—c) ascorbate or (d—f) 60HDA and killed 10 days later. (a) Ascorbate injection was associated with well-defined vascular FITC-
labeled albumin filling in these animals. (b) The density of the TH-ir cells was greater in the SN compacta (*) than in the SN reticulata (#), a TH-ir cell pattern
typical of a normal mesencephalon. (d) In contrast, diffuse FITC-labeled albumin leakage, as well as areas of intense signal, was seen in the compacta and reticulata
region of the ipsilateral SN of an animal injected with 60HDA. (e) TH-ir fluorescence was less intense in the SN of the 60HDA-injected animal, indicating DA
neuron loss. Interestingly, the areas of significant FITC-labeled albumin leakage were often associated with areas of TH-ir cells (yellow in f) which was not the case
in (c) the SN of the control animal Scale bar, 0.1 mm.

F1G. 7. Elevation of B3-integrin protein levels in the SN following 60HDA injections. FITC-labeled albumin (green) and B3-integrin (red) in the SN of an animal
injected intrastriatally with (a—c) ascorbate or (d—f) 60HDA and killed 10 days later. Ascorbate injection produced (a) well-defined vascular filling in the SN, but
(b) only a very light and diffuse B3 signal was seen, suggesting a low level of 3-integrin immunoreactivity. (c) There was little concordance between the two
markers. (¢) In contrast, the B3-integrin signal was dramatically increased in animals injected with 60HDA and (f) was highly concordant with areas of intense
FITC signal (yellow colour) as seen in the merged image. Scale bar, 0.1 mm.

immunoreactivity to visualize activated microglia. In most sections Domperidone attenuated SB in 60HDA-injected animals

from the control animals, Ox-6-ir cells could not be seen. One control

animal had a few Ox-6-ir cells (Fig. 8a) ipsilateral to the ascorbate A separate set of animals was assessed for their SB response to
injection. In contrast, Ox-6-ir cells were highly abundant in the apomorphine 17 days following unilateral MFB injection of 60HDA
ipsilateral SNs of all animals injected with 60HDA (Fig. 8b), in or ascorbate and 1 h following injection of domperidone or vehicle
agreement with previous studies (Depino ef al., 2003). (DMSO). Animals injected with 60HDA and then pretreated with

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 22, 1158—1168



1164 P. M. Carvey et al.
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FiG. 8. Microglial activation after 60HDA lesions. DAB, nickel-enhanced
Ox-6 immunoreactivity in the ipsilateral SN of an animal injected intrastriatally
with (a) ascorbate or (b) 60HDA and killed 10 days later. Note the dramatic
increase in activated microglia in the animal injected with 60HDA. Scale bar,
0.05 mm.

domperidone showed a 17% reduction in their overall behavioural
response to apomorphine (mean Animal Scores) relative to ascorbate-
injected animals pretreated with domperidone, and a 22% reduction
relative to 60HDA-DMSO controls (F3,4 = 13.07, P <0.001;
Fig. 9a). Examination of the Interval Scores revealed an attenuated
and delayed peak behavioural response and a more rapid return to
behavioural baseline typical of animals on a direct-acting DA agonist
pretreated with a low dose of DA antagonist (Fig. 9b). Three animals
in the unilateral 60HDA-DMSO group exhibited slow contralateral
rotations following apomorphine injection, indicative of partially
lesioned animals. No rotations were seen in the 6OHDA—domperidone
group or either of the ascorbate-injected groups.

P-gp immunoreactivity was increased by 60HDA

Drug pumps including P-gp contribute to barrier function and return
drugs such as domperidone to the lumen of vasculature if they enter
the endothelial cells. Examination of P-gp immunoreactivity in
ascorbate-injected animals 34 days following intrastriatal injection
showed that much of the immunoreactivity was colocalized with
FITCAfilled vessels in the SN (Fig. 10b). Some of the immunoreac-
tivity was not associated with FITC-labeled albumin-filled vessels,
however, suggesting that some vessels were incompletely filled with
FITC-labeled albumin or that vessels were out of the plane of focus in

354 4
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Interval Scores

these 40-um sections (Fig. 10a). No overt leakage of FITC-labeled
albumin into parenchyma was seen. In contrast, P-gp immunoreactiv-
ity was markedly elevated in animals injected with 6OHDA (Fig. 10¢)
and that also exhibited FITC-labeled albumin leakage (Fig. 10d).
There was clear concordance between P-gp and FITC-labeled albumin
in many vessels (yellow in Fig. 10e), but there was also a considerable
amount of P-gp immunoreactivity in areas not associated with vessels.
Although some of this vessel-unrelated immunoreactivity may be due
to incomplete vascular filling and vessels out of focus, it is also likely
that some of the P-gp immunoreactivity is in other tissue (Fig. 10f).
This is consistent with the recent findings by Volk et al. (2005) who
concluded that P-gp was up-regulated in neurons and astrocytes
following kainate-induced seizures. Therefore, unlike the increase in
B integrin, the apparent increase in P-gp was more generalized and
present in areas of increased FITC-labeled albumin leakage as well as
in areas with no significant leakage.

Discussion

This study represents the first evaluation of BBB leakage following a
Parkinson-like lesion in animals. The results showed that 60HDA
injected into either the striatum or the MFB produced leakage of
FITC-labeled albumin into both the striatum and SN. These findings
were confirmed using a second tracer, HRP. The leakage seen was
long-lived because it was still present 34 days following 60HDA
injection and was associated with verified DA neuron loss and
increased numbers of activated microglia. The leakage was clearly
associated with neovascularization because the areas of leakage were
highly concordant with increases in B3-integrin immunoreactivity. The
60HDA lesions also increased the entry of small molecules into brain,
because domperidone was able to attenuate the behavioural response
to apomorphine despite an apparent increase of P-gp immunoreactiv-
ity. Taken together, these data suggest that 60HDA-induced DA
neuron loss or axon degeneration was associated with dysfunction of
the BBB.

It is possible that the stereotaxic surgery produced the leakages
seen, but this seems unlikely for several reasons. First, ascorbate
control animals did not exhibit any FITC-labeled albumin or HRP
leakage into the SN or striatum 10 days after surgery. Although
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: —v— 60HDA/Dom
2.5 o —v— 60HDA/Veh
2.0
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FIG. 9. Domperidone attenuated apomorphine-induced SB. SB response (a, Animal Scores; b, Interval Scores) to apomorphine 17 days following stereotaxic
injection of ascorbate vehicle (Sham) or 6OHDA unilaterally into the MFB. Half of the animals in each group were pretreated with domperidone (Dom) and the other
half with DMSO (Veh) 1 h prior to apomorphine injection. Domperidone pretreatment (a) attenuated apomorphine-induced SB and (b) attenuated and reduced the
peak behavioural response in the animals injected with 60HDA. (*P < 0.05 relative to all other treatment groups).
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FIG. 10. Elevation of P-gp in the SN following 60HDA injection. FITC-labeled albumin (green) and P-gp (red) in the SN of animals injected intrastriatally with
(a—c) ascorbate or (d—f) 60HDA and killed 34 days later. Much of the P-gp immunoreactivity was colocalized with vessels in the control SN (c, shown by arrows).
(e) P-gp was markedly increased by 60HDA lesions in the SN and there was clear concordance between P-gp and FITC-labeled albumin in many vessels,

which (f) showed yellow in the overlay. Scale bar, 0.1 mm.

detailed time course studies on re-establishing barrier function
following 60HDA injury need to be performed, the 10-day time
point studied here was similar to the 10 days needed to fully
re-establish normal barrier function following a transection injury
(Reynolds & Morton, 1998) or a contusion (Duvdevani et al., 1995).
Thus, most studies suggest that barrier function returns to normal
within 10-14 days even following the severest injuries (Geist et al.,
1991; Schnell et al., 1999; Borlongan et al., 2004). Second, leakage
was still seen in animals 34 days following injection; this is well past
any of the recovery periods studied by others. Third, both intrastriatal
and MFB injections of 60HDA produced FITC-labeled albumin
leakage at sites remote from the injection. It therefore appears that
factors other than mechanical injury were responsible for the barrier
dysfunction.

The FITC-labeled albumin and HRP leakage seen in the lesioned
animals was confined to areas normally affected by 60HDA lesions or
areas not protected by the BBB. Thus, leakage was seen in the SN and
the striatum ipsilateral to the lesion. Other areas of the brain such as
the parietal cortex and hippocampus, or the SN or striatum on the
contralateral sides of the brains, were unaffected. Although leakage
was also detected in the hypothalamus and area postrema, this was
expected because these areas are not protected by the BBB. It
therefore appears that the leakage was associated with the neurotoxic
process taking place in the nigro-striatal pathway brought about by
injecting 60HDA into either the striatum or the MFB. These
neurotoxic effects were confirmed using fluorescence labelling and
stereological cell counting techniques, both of which demonstrated
significant TH-ir cell loss in the SN.

The leakage seen in the SN and striatum was always patchy in
appearance whereas that seen in the area postrema and the ventrome-
dial hypothalamus was diffuse and homogeneous. This suggests that
the 60HDA injections led to multiple focal breakdowns in the BBB
function. These ‘hot spots” were highly concordant with increased

B3-integrin immunoreactivity. This cell-surface marker is present on
angiogenic endothelial cells and virtually absent on intact vessels
(Brooks et al., 1995). Members of this family of integrins (B3-integrin
is a member of the av-B3 family of integrins) are thought to stabilize
the endothelium in the brain during neovascularization (Milner &
Campbell, 2002). Because angiogenesis occurs following damage to
endothelial cells and the up-regulation of PB3-integrin was highly
concordant with FITC-labeled albumin leakage, it can be argued that
the vasculature in these animals was undergoing focal reorganisation
and repair following 60HDA. This is consistent with the studies
discussed by Barcia et al. (2004), who demonstrated angiogenesis in
the SN of patients with PD. Our results are also consistent with those
of a more recent study in which increased expression of vascular
endothelial growth factor was observed in the SNs of patients with PD
(Barcia et al., 2005). Moreover, the present results also extend the
findings of these prior studies by suggesting that the BBB dysfunction
described in patients is not likely to reflect total disruption of BBB
function within the SN or striatum, but rather numerous small, focal
areas of dysfunction that, none the less, could have significant
implications for function within the nigro-striatal pathway.

The fact that we did not observe diffuse areas of FITC-labeled
albumin leakage in the SN or striatum suggests that the BBB is not
broken down throughout the breadth of these structures. If it were,
the resulting oedema would totally compromise function. However,
even patchy dysfunction appeared to have functional consequences
because domperidone was able to statistically attenuate apomor-
phine-induced SB. Domperidone is a DA antagonist most frequently
used clinically to treat peripheral DA side-effects during antipark-
insonian therapy (Schubring ef al., 1999). It normally does not enter
the brain due its high affinity for P-gp located on endothelial cells
(El Ela et al., 2004). Indeed, drugs such as cyclosporin, which block
the actions of P-gp, allow domperidone to enter brain (Tsujikawa
et al., 2003). As a substrate for P-gp, it was therefore surprising that
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the domperidone-induced attenuation of apomorphine-induced SB
was seen despite an apparent up-regulation of P-gp. This might
suggest that the domperidone entered the brain via a paracellular
route following disruption of the tight junctions, and that the
magnitude of the attenuation might have been larger if an increase in
P-gp had not occurred. However, a recent clinical study argued that
PD was associated with reduced function of P-gp (Kortekaas et al.,
2005). Patients exhibited an 18% increase in the uptake of [''C]-
verapamil relative to controls. Because verapamil is also a substrate
for P-gp, the authors argued that reduced extrusion by P-gp was
associated with PD and might contribute to increased entry of toxic
substances in these patients. It is possible that the reduced extrusion
seen in this study was a consequence of increased leakage although
it is difficult to compare these two studies. Regardless, the results
from both studies point to abnormalities in BBB and P-gp function
following damage to the SN.

The apparent dysfunction seen in the BBB could result from a
number of different mechanisms. These include interruption of blood
flow due to occlusion, formation of new vessels (neovascularization),
which often leak during formation (Wang et al., 2005), functional
abnormalities in astrocytes that are responsible for maintaining the
tight junctions in the BBB (Ballabh et al., 2004), and increased
transcytosis (Predescu et al., 2004). In addition, numerous studies
have shown that inflammation is able to disrupt barrier function
(Huber et al., 2001b; Lenzlinger et al., 2001; Nimmo et al., 2004).
Initially, it was thought that only vascular inflammogens were
involved. However, more recently it has become apparent that
inflammation on the parenchymal side of the barrier (abluminal side)
is also able to disrupt the BBB as demonstrated in multiple sclerosis
(Minagar & Alexander, 2003) and epilepsy (Janigro, 1999). In
addition, several factors thought to be involved with the neuroin-
flammation underlying Alzheimer’s disease may also affect BBB
function. Injection of B-amyloid was shown to affect barrier function
(Fiala et al., 1998; Berzin et al., 2000; Giri et al., 2000; Farkas et al.,
2003) and Claudio (1996) reported ultrastructural changes and
collagen deposition in areas of cell loss from patients with Alzheimer’s
disease that are also seen in animals with compromised barrier
function. Thus, it appears that neuroinflammation, as well as vascular
inflammogens, can disrupt barrier function. Because injection of
60HDA produces neuroinflammation (Cicchetti et al., 2002; Depino
et al., 2003; Ling et al., 2004b) and degeneration of DA neurons is
associated with inflammatory events, regardless of the toxin involved
(Castano et al., 2002; Hebert et al., 2003), it is possible that 6OHDA-
induced parenchymal inflammation disrupted barrier function in the
present study.

Although more detailed studies need to be performed to assess the
linkage between neuroinflammation and BBB dysfunction, the results
from the present study partially support this hypothesis. In particular,
the 60HDA-induced reduction in TH-ir cell counts was associated
with increased numbers of Ox-6-ir cells in the SN, suggesting
activation of microglia. Interestingly, Lynch et al. (2004) showed that
microglia were activated prior to breakdown of BBB. Activation of
microglia can result in the release of TNFa (Stoll ez al., 2002), and this
pro-inflammatory cytokine is well known for its ability to disrupt
barrier function, both in vitro and in vivo (Mark & Miller, 1999; Tsao
et al., 2001; Didier et al., 2003; Lynch et al., 2004). It is therefore
possible that 60HDA, or the degeneration of DA neurons, led to
activation of microglia which in turn released TNFo, leading to the
breakdown of the BBB. In addition, intrastriatal 650OHDA lesions have
been shown to produce microglial activation that is still present
4 weeks following injection (Cicchetti et al., 2002). However, it is
also important to note that Depino et al. (2003) failed to detect

increases in TNFa protein following intrastriatal lesions despite
observing increases in microglial activation, and microglial activation
has been demonstrated without pro-inflammatory cytokine production
(Perry et al., 2002). Thus, any potential link between neuroinflam-
mation and BBB dysfunction will require further study.

The results from the present study raise several questions regarding
our understanding of PD and its treatment.

Firstly, they suggest that drugs normally excluded from the brain
may potentially have the ability to enter. The fact that carbidopa, a
widely used adjunctive drug with levodopa therapy, does not appear to
compromise levodopa therapy, probably contributes to the belief that
the BBB is intact in PD. Indeed, carbidopa was developed based on its
inability to cross the BBB while blocking peripheral decarboxylase
(Celesia & Wanamaker, 1976). Obviously there is no radical
disruption of barrier function in PD patients because the PD brain is
not characterized by oedema. However, it is possible that a small
amount of carbidopa might leak into brain in the SN and striatum and
reduce the potency of levodopa; this potency would otherwise be
greater if barrier function were intact. Another potential consequence
of patchy leakage might be dyskinesias that plague levodopa therapy.
Thus, intermittent or nonhomogeneous levodopa entry into the
striatum due to sporadic barrier disruption would produce nonhomo-
geneous areas of DA stimulation which could lead to dyskinesias
(Chase, 1998).

Secondly, if DA neuron degeneration led to long-term disruption of
barrier function, then those regions of the brain would be exposed to
higher quantities of peripheral neurotoxins which could contribute to
further disease progression.

Thirdly, if the BBB is disrupted it is also possible that peripheral
inflammogens and immune mediators play a role in PD pathogenesis,
as previously suggested (McRae-Degueurce ef al., 1988; Appel et al.,
1992).

Finally, repairing BBB breakdown would offer a new therapeutic
strategy in the treatment of PD.

Clearly these results need to be extended further in animal models
and verified in patients. However, they imply a heretofore under-
recognised characteristic of DA degeneration that provides new
insight into PD.
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Mutations in the DJ-1 gene were recently identified in
an autosomal recessive form of early-onset familial Par-
kinson disease. Structural biology, biochemistry, and
cell biology studies have suggested potential functions
of DJ-1 in oxidative stress, protein folding, and degra-
dation pathways. However, animal models are needed to
determine whether and how loss of DJ-1 function leads
to Parkinson disease. We have generated DJ-1 null mice
with a mutation that resembles the large deletion muta-
tion reported in patients. Our behavioral analyses indi-
cated that DJ-1 deficiency led to age-dependent and task-
dependent motoric behavioral deficits that are
detectable by 5 months of age. Unbiased stereological
studies did not find obvious dopamine neuron loss in
6-month- and 11-month-old mice. Neurochemical exam-
ination revealed significant changes in striatal dopam-
inergic function consisting of increased dopamine re-
uptake rates and elevated tissue dopamine content.
These data represent the in vivo evidence that loss of
DJ-1 function alters nigrostriatal dopaminergic func-
tion and produces motor deficits.

Mutations in DJ-1 were recently identified in an autosomal
recessive form of early-onset familial Parkinson disease (PD)*
(1). The first reported mutation involves one large deletion of
the first 5 exons and part of the promoter and another mutation
was a missense mutation (L.166P) that might cause instability
of the DJ-1 protein by preventing it from folding properly and
forming homodimers (2-5). Since this first report, a number of
other mutations of DJ-1 including deletion mutations, point
mutations, and a frameshift mutation have been found to cause
PD (6-10). These studies suggest that the loss of the normal
function of DJ-1 leads to PD.

However, the nature of the normal function of DJ-1 and the
mechanism by which DJ-1 deficiency leads to PD are not well
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established. Studies prior to the report of its association with
PD suggested that DJ-1 might play a role in oncogenesis (11),
male fertility (12, 13), control of protein-RNA interaction (14),
and in modulating androgen receptor transcription activity (15,
16). In addition, the DJ-1 protein was shown to be responsive to
oxidation (17, 18), suggesting a potential role in oxidative
stress, a process often implicated in PD. Studies on PD-linked
DJ-1 mutations indicate that wild-type, but not mutant, DJ-1
protects cells from oxidative stress (19—21). Canet-Aviles et al.
(22) reported that oxidation of the Cys!%® residue in DJ-1 could
lead to its relocalization in mitochondria and protect cells from
mitochondrial damage. Structurally, DJ-1 closely resembles
the members of the ThiJ/Pfpl family that have protease and
chaperone activities (23-27). Recent biochemical studies sug-
gested that DJ-1 might have protease (5) and redox-dependent
chaperone activities (28). Therefore, putative functions of DJ-1
seem to converge on the common pathogenesis of PD implicated
in other genetic and sporadic forms of PD.

Despite those new insights into the biochemical and cellular
functions of DJ-1, the in vivo evidence of how the loss of DJ-1
function leads to PD has not been presented. Specifically, it will
be important to find out whether animal models that harbor
similar mutations to those found in PD patients will develop
dopamine neuron degeneration and/or parkinsonian motor
symptoms. Since human genetic studies suggest that a loss-of-
function of DJ-1 is responsible for the pathogenesis of this
genetic form of PD, we have generated DJ-1 null mice with a
mutation that resembles the large deletion mutation reported
in patients. Our behavioral analyses indicate that DdJ-1 defi-
ciency leads to age-dependent motoric behavioral deficits. Even
though no obvious dopamine neuron loss was found in 6-month-
and 11-month-old mice, neurochemical examination of dopam-
inergic function revealed significant alterations in tissue do-
pamine content and reuptake in DJ-1 null mice.

MATERIALS AND METHODS

Generation of DJ-1 Null Mice—We generated DJ-1 null mice by
deleting 9.3-kb genomic DNA including the first 5 exons and part of the
promoter region of DJ-1 gene to mimic the deletion mutation in humans
(1) (Fig. 1A). Both the 5.4- and 3.3-kb fragments of the targeting
construct were amplified by PCR using genomic DNA isolated from
E14Tg2A.4 embryonic stem cells (BayGenomics) as a template. The
selection marker PGK-neo-poly(A) was flanked by FRT sequences.
E14Tg2A.4 embryonic stem cells were electroporated (800 V and 3
microfarads) with 30 ug of linearized targeting construct. G418-resist-
ant clones were screened by Southern blot for homologous recombina-
tion with a 5'-external probe. Positive cells were injected into C57BL6/J
blastocysts to generate chimeras, which were then mated with
C57BL6/J wild-type mice to generate heterozygotes. Heterozygous mu-
tant mice on a 129 X C57B/6 mixed background were bred to generate
DJ-1 null mice and their wild-type littermate controls for experiments.
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Mice were genotyped by multiplex PCR on genomic DNA extracted from
tail snips (Fig. 1B): first primer pair amplifies part of intron 6 of DJ-1
(present in all mice); second primer pair amplifies part of neo* (absent
in wild-type mice); third primer pair amplifies part of intron 3 (absent
in homozygous mutants). The genotypes of some mice were confirmed
by Southern blot analysis (Fig. 1C). The absence of DJ-1 expression was
confirmed by in situ hybridization. A full-length mouse DJ-1 cDNA was
amplified by reverse transcription-PCR and used as an in situ hybrid-
ization probe. All animal procedures were approved by the Institutional
Animal Care and Usage Committee of The University of Chicago.

Behavioral Studies—All mice were kept on a 06:00-18:00 light cycle
with ad libitum food and water. Behavioral tests were performed during
the light period.

Open Field Test—FEach mouse was placed in an open field chamber
(40 cm long X 40 cm wide X 37 cm high, Med Associates). Illumination
of open field was set to 20 lux. No background noise was provided. They
were monitored by infrared beams that record the location and path of
the animal (locomotor activity) as well as the number of rearing move-
ments (vertical activity). Data were collected in 5-min trials for six
trials, and the average was reported.

Rotarod Test—Mice were first trained to stay on the rod of the
rotarod (Columbus Instrument) at a constant speed of 5 rpm for at least
1 min. Following training, mice were tested for a total of three trials
with an accelerating speed of 0.2 rpm/s, starting at 5 rpm. The latency
to fall was recorded for each trial, and the average of three trials
was reported.

Adhesive Tape Removal Task—Adhesive tapes (Avery labels) of five
sizes (0.625, 0.5, 0.375, 0.25, 0.125 in?) were placed on the forehead in
the above order. To remove the tape, mice typically raised both fore-
paws and swiped off the tape. Each trial was given a score equal to the
size of the largest tape the mouse was unable to remove within 60 s (5
to 1, a higher score indicates worse performance). Results were obtained
from the average over two trials.

Tyrosine Hydroxylase (TH) Immunohistochemistry and Stereol-
ogy—TH catalyzes the rate-limiting step of dopamine synthesis and
was used as a marker for dopamine neurons in the substantial nigra
pars compacta (SNc). The number of TH-immunoreactive (THir) cells
was assessed using an unbiased stereological procedure (29). Briefly,
mice were perfused by 4% paraformaldehyde, post-fixed in 4%
paraformaldehyde, and cryoprotected in 30% sucrose. The entire brain
was sliced on a sliding microtome into consecutive 40-um sections.
Every third section was immunohistochemically processed for TH and
NeuN. For TH staining, rabbit anti-mouse TH antibody (1:1000, Pel-
Freez), biotinylated horse anti-rabbit IgG (1:500; Vector Laboratories),
and peroxidase-conjugated avidin-biotin complex (VECTASTAIN Elite
ABC kit, Vector Laboratories) were used. The reaction was visualized
by using Sigmafast diaminobenzidine tablets (Sigma) with the addition
of nickel sulfate. For NeuN staining, mouse anti-mouse NeuN antibody
(1:1000, Chemicon), biotinylated goat anti-mouse IgG (1:500; Vector
Laboratories) and diaminobenzidine without nickel sulfate were used.
The estimation of the total number of THir neurons in the SNc¢ was
determined using the computerized optical fractionator probe (Stereo
Investigator 6 from MicroBrightField), which allowed for the stereologi-
cal estimation of THir cells in the entire structure independent of size,
shape, orientation, tissue shrinkage, or anatomical level. The 100 X
100-pum grid and 40 X 40-um counting frame were used. Sections were
counted in rostral-caudal order. The most rostral section containing
THir neurons was designated as the first section. The absolute THir
neuron number was directly calculated without estimating reference
volume. The Gundersun’s coefficient of error was 0.06 (m = 1) in
this study.

Immunofluorescence Double Labeling—Rabbit anti-mouse TH
(1:500, Pel-Freez) and mouse anti-mouse a-synuclein (1:500, BD Trans-
duction Laboratories) antibodies were used to detect a-synuclein ex-
pression in dopamine neurons. Mouse anti-mouse TH (1:500, BD Trans-
duction Laboratories) and rabbit anti-ubiquitin antibodies (1:500,
Dako) were used to detect protein ubiquitination in dopamine neurons.
All fluorescence secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories and used according to the manufactur-
er’s instructions. Sections were analyzed under a Zeiss Confocal
LSM510 Microscope.

HPLC Assessment of Brain Tissue Content of Dopamine and Metab-
olites—Mice were killed by cervical dislocation. Dissected striata of
adult mice were homogenized in 0.1 M perchloric acid containing 1 X
10~ % M methyldopa as an internal standard. Homogenates were centri-
fuged for 10 min at 1500 X g. Supernatants were filtered through an
YM-10 Microcon centrifugal filter unit (Millipore) and analyzed for
dopamine and metabolites using high performance liquid chromatogra-
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phy with electrochemical detection. Dopamine and metabolites were
separated on a reverse-phase column (Velosep RP-18, 3 um, 100 X 3.2
mm, PerkinElmer Life Sciences) with a mobile phase consisting of 0.1 M
phosphate buffer with 0.6 mMm octyl sodium sulfate, 0.1 mm EDTA, and
3% methanol (pH 2.6) at a flow rate of 0.8 ml/min. Samples (25 ul) were
injected with a Rheodyne injector, and the compounds were analyzed
using a coulometric detector with analytical cell (model 5014, ESA). The
potential for the first and second cell was set at —100 and +310 mV,
respectively. A guard cell (model 5020, ESA, potential +330 mV) was
placed before the injector. Levels of dopamine and metabolites detected
in the supernatants were calculated using internal standards. Final
concentrations of dopamine and metabolites were expressed per protein
amount. Protein levels were measured by BCA protein assay
kit (Pierce).

Western Blot—Mice were killed by cervical dislocation. Brains were
dissected and frozen immediately on powdered dry ice and stored in
—80 °C until use. Frozen brains were lysed in NTE buffer (150 mMm
NaCl, 50 mMm Tris pH 8.0, 5 mm EDTA, 0.25 mM phenylmethylsulfonyl
fluoride, 1% protease inhibitor mixture (Sigma), 2% B-mercaptoethanol,
2% SDS), and 50 ug of protein was subjected to SDS-polyacrylamide gel
electrophoresis. Proteins were electrophorectically transferred to PVDF
membrane and nonspecific sites blocked in 5% nonfat dry milk in TBS
(135 mm NaCl, 2.5 mm KCl, 50 mm Tris, 0.1% Tween 20 (pH 7.4)).
Membranes were then incubated with various primary antibodies in
TBS with 2% nonfat dry milk: rat anti-mouse dopamine transporter
(DAT) antibody (1:4000, Chemicon), rabbit anti-mouse TH antibody
(1:2000, Pel-Freez), goat anti-mouse vesicular monoamine transport-
er-2 (VMAT2) antibody (1:500, Santa Cruz Biotechnology), mouse anti-
mouse a-synuclein antibody (1:2000, BD Transduction Laboratories),
rabbit anti-mouse androgen receptor antibody (1:1000, Abcam), mouse
anti-mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) anti-
body (1:200,000, Abcam). Signals were then detected by horseradish
peroxidase-conjugated secondary antibodies (ICN) and enhanced
chemiluminescence (Pierce). Membranes were then stripped and rep-
robed with the monoclonal mouse antibodies against mouse B-actin
(1:200,000, Abcam) to confirm equal loading of samples.

Protein Carbonyl Analysis—The commonly used indicator of protein
oxidation is protein carbonyl content (30). The OxyBlot protein oxi-
dation detection kit from Chemicon was used following the manufac-
turer’s instructions.

Cyclic Voltammetry in Brain Slices—Mice were killed by decapita-
tion, and the brain was rapidly removed and placed in ice-cold, preoxy-
genated (95% O,/5% CO,) modified Kreb’s buffer. The tissue was then
sectioned into 400-um-thick coronal slices containing the caudate-pu-
tamen and nucleus accumbens with a vibrating tissue slicer (Leica
VT1008S, Leica Instruments). Slices were kept in a reservoir of oxygen-
ated Krebs buffer at room temperature until required. Thirty minutes
before each experiment, a brain slice was transferred to a submersion
recording chamber. The slices were perfused at 1 ml/min with room
temperature (20 °C) oxygenated Krebs and allowed to equilibrate. The
Kreb’s buffer contained (in mm): NaCl, 126; KCl, 2.5; NaH,PO4, 1.2;
CaCl,, 2.4; MgCl, 1.2; NaHCO,, 25; glucose, 11; HEPES, 20; and L-
ascoribic acid, 0.4 (pH 7.4). Dopamine release was evoked by a single,
rectangular, electrical pulse (300 nA, 2 ms per phase, biphasic) applied
every 5 min. Dopamine was detected by using fast-scan cyclic voltam-
metry as described earlier (31, 32). Electrodes were placed in the dorsal
and ventral portion of the caudate-putamen and in the core and shell of
the nucleus accumbens.

Data Analysis—Data were analyzed using StatView 5.0.1. Unpaired
two-tailed Student’s ¢ test was used when genotype was the only group-
ing variable. Analysis of variance was used when genotype was not the
only grouping variable and when data were collected in a single trial.
Repeated measure analysis of variance was used when data were col-
lected in multiple trials.

RESULTS

Generation of DJ-1 Null Mice—DdJ-1 null mice were gener-
ated by deleting the first 5 exons and part of the promoter to
mimic the deletion mutation reported in human PD patients (1)
(Fig. 1A). The lack of DJ-1 transcript expression in homozygous
mutants was confirmed both by reverse transcription-PCR in
cultured adult skin fibroblasts (Fig. 1D) and by in situ hybrid-
ization on brain sections (Fig. 1E). DJ-1 mRNA signal was
detected throughout the wild-type mouse brain by in situ hy-
bridization. The high expression level of DJ-mRNA was found
in the SNc, cerebellum, cerebral cortex (Fig. 1E), hippocampus,
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Fic. 1. Generation of DJ-1 null
mice. DJ-1 null mice were generated by
gene targeting that resulted in 9.3-kb de-
letion that included the first 5 exons and
part of the promoter. A, design of the tar-
geting construct. The FRT sequence-
flanked selection cassette (FRT-PGK-neo*-
poly(A)-FRT) was inserted in between two
homologous arms. BamHI digestion will
give a 6-kb band for the wild-type allele
and a 4.7-kb band for the mutant allele in
Southern blot. B and C, PCR (B) and
Southern blot (C) analyses of genomic DNA
from tail snips confirm transmission of the
mutation. D, reverse transcription-PCR
analysis of mRNA from cultured skin fibro-
blast confirms the loss of DJ-1 transcript.
E, in situ hybridization demonstrates the
loss of DJ-1 transcript in brains of mutant
mice. F, genotype distribution conforms to
Mendelian ratio. The y? test did not reveal
significant deviation from Mendelian law
(p = 0.09). G, no significant body weight
difference was found among different gen-
otypes in 11-month-old mice (p = 0.41; n =
12 for each genotype). Scale bar is 100 um.
SN, substantia nigra; CB, cerebellum;
CTX, cerebral cortex; UTR, untranslated
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striatum, and olfactory bulb (data not shown). Most of the
expression was in cells exhibiting neuronal morphology. How-
ever, strong expression was also present in the choroid plexus
(data not shown). These data are similar to the expression
patterns reported by others (33, 34). The ratios of wild-type:
heterozygotes:homozygotes of both sexes were consistent with
Mendelian inheritance (Fig. 1F, p = 0.09 by x? test). DJ-1 null
mice were viable and appeared indistinguishable from the
wild-type or heterozygotes littermates in gross inspection. No
significant body weight difference was found between geno-
types (p = 0.41; Fig. 1G).

Age-dependent Motor Deficits in DJ-1 Null Mice—Three in-
dependent age groups of DJ-1 null mice (5, 9, and 11 months) and
their wild-type littermate controls were subjected to systematic
behavioral assessment of various motor functions. In the open
field test, DJ-1 null mice displayed decreased locomotor (p =
0.001) and rearing (p = 0.005) activities (Fig. 2). Such a deficit

seemed to be age-dependent (genotype X age interaction: p =
0.032 for rearing and p = 0.068 for locomotion). Post hoc test
revealed that only 11-month-old DJ-1 null mice showed signifi-
cantly impaired locomotion and rearing compared with their
wild-type controls (p = 0.002 for locomotion and p = 0.037 for
rearing). There was no significant genotype X sex interaction.
To determine whether more sensitive measures of nigrostria-
tal dysfunction could differentiate DJ-1 null mice from their
wild-type controls at an earlier age, an adhesive tape removal
test that has been shown to be a good discriminator in mouse
models of PD was employed (35, 36). Behavioral deficits in the
adhesive tape remove test could be seen as early as 5 months of
age in DJ-1 null mice compared with their wild-type controls
(Fig. 3). The behavioral deficit in DJ-1 null mice was more
pronounced at 11 months of age than at 5 months (p = 0.0001
for overall genotype effect, p = 0.013 for 5-month group, and
p = 0.007 for 11-month group), although there was no statis-
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FiG. 2. Age-dependent motor deficits in DJ-1 null mice. DJ-1
null mice displayed decreased locomotor (p = 0.001) and rearing (p =
0.005) activities in the open field. Such a deficit seemed to be age-de-
pendent (genotype X age interaction: p = 0.032 for rearing and p =
0.068 for locomotion). Post hoc test revealed that only 11-month-old
DJ-1 null mice were significantly impaired in their locomotor (p =
0.002) and rearing (p = 0.037). (Number of mice used for each genotype:
16 for 5 months old; 15 for 9 months old; 12 for 11 months old).

tically significant genotype X age interaction (p = 0.19). Inter-
estingly, male mice seemed to be more affected than female
mice on this task (p = 0.0027 for genotype X sex interaction).
Post hoc tests revealed that only male mice displayed signifi-
cant deficits (p < 0.0001 for males and p = 0.50 for females).
The rotarod treadmill behavioral test is also widely used as a
measure of various neurological dysfunctions. However, the
rotarod treadmill test did not detect any genotype differences
in any age groups including 11 months of age (Fig. 3).
Functional Alterations in Dopaminergic Neurotransmission
in DJ-1 Null Mice—Since functional alterations in dopaminer-
gic neurotransmission may precede obvious dopaminergic neu-
ronal loss or pathological abnormalities, we examined dopam-
ine release, uptake kinetics, and total striatal tissue content of
dopamine in DJ-1 null mice and their wild-type controls.
Fast-scan cyclic voltammetry was employed to evaluate elec-
trically stimulated dopamine release and uptake kinetics of the
dopamine transporter. The caudate-putamen was divided into
dorsal and ventral halves for data analysis. At 4 months of age,
DJ-1 null mice had increased stimulated dopamine release
(Fig. 4A; p = 0.0002) and faster uptake (V) (Fig. 4E; p =

ax
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Fic. 3. Motor deficits in DJ-1 null mice are task-dependent.
The adhesive tape removal test was a more sensitive test, which re-
vealed behavioral deficit in DJ-1 null mice as early as 5 months of age
(p = 0.013 for 5-month-old mice and p = 0.007 for 11-month-old mice).
Male mice seemed to be more affected than female mice (p = 0.0027 for
genotype X sex interaction). Post hoc test revealed that only male mice
displayed significant deficit (p < 0.0001). Rotarod treadmill behavioral
test did not detect any genotype differences in any age groups. (Number
of mice used for each genotype and sex: 8 for 5 months old; 6 for 11
months old).

0.0001) compared with wild-type littermate controls in the
dorsal caudate-putamen. However, in ventral caudate-puta-
men, dopamine release (Fig. 4B; p = 0.61) and V. for uptake
(Fig. 4F; p = 0.18) were not significantly affected by genotype.
There were no significant sex differences.

We further characterized dopamine terminal regions in the
core and shell of the nucleus accumbens of DJ-1 null mice.
There were no significant differences in dopamine release (Fig.
4D; p = 0.79) or V., for uptake (Fig. 4H; p = 0.91) in the
nucleus accumbens shell. There was also no significant differ-
ence in dopamine release (Fig. 4C; p = 0.47) in the nucleus
accumbens core. However, in the core, there was a trend to-
ward an increased V., value for dopamine uptake (Fig. 4G;
p = 0.084).

To investigate whether the increases in uptake and release
reflect changes in dopamine tissue content, the caudate-puta-
mens of 6-month- and 11-month-old mice were dissected out
and subjected to HPLC analysis for dopamine and metabolite
content. Dopamine levels in DJ-1 null mice were higher than
those in wild-type control mice in both age groups (p = 0.0014
for genotype effect; p < 0.0001 for age effect Fig. 4I). There was
no significant age X genotype interaction or sex differences.
There was an insignificant trend for elevation of 3,4-dihydroxy-
phenylacetic acid (p = 0.11) and homovanillic acid (p = 0.14) in
DdJ-1 null mice compared with wild-type control mice.

We investigated whether the increases in tissue dopamine
content, release, and uptake are due to changes in expression
levels of dopamine synthesis enzymes or transporters. How-
ever, no significant differences between genotypes were seen in
TH, DAT, or VMAT?2 protein levels in 5-month- (not shown)
and 11-month-old (Fig. 4JJ) mouse brains measured by Western
blot analysis.

DdJ-1 Null Mice Did Not Show Loss of SN Dopamine Neurons
or Obvious Neuropathology—To determine whether the behav-
ioral deficits resulted from the loss of dopaminergic neurons,
stereological analysis of THir neurons in the SNc¢ was per-
formed in 6-month- and 11-month-old mice. However, compa-
rable numbers of dopaminergic neurons were present in DJ-1
null mice and their wild-type controls (Fig. 5).
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Fic. 4. Impaired nigrostriatal dopaminergic function in DJ-1 null mice. A-H, cyclic voltammetry examination of dopamine (DA) release
in response to a single stimulus pulse and maximal uptake rate (V,,,.) in brain slices from 4-month-old mice (n = 8 for each genotype). DJ-1 null
mice released more dopamine in the dorsal (A; p = 0.0002) but not in the ventral caudate-putamen (B; p = 0.61), the nucleus accumbens shell (D;
p = 0.79), or core (C; p = 0.47). In addition, DJ-1 null mice displayed higher maximal dopamine uptake rate in the dorsal (E; p = 0.0001) but not
in the ventral caudate-putamen (F; p = 0.18) or the nucleus accumbens shell (H; p = 0.91). There was a trend that DJ-1 null mice had higher
maximal dopamine uptake rate in the nucleus accumbens core than wild-type mice (G; p = 0.084). I, DJ-1 null mice had elevated dopamine (DA)

(ng/mg of protein) levels in the striatum than wild type mice (p = 0.0014

; n = 13 for each genotype of 6-month-old and n = 7 for each genotype

of 11-month-old group). There was a trend for higher 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) levels in DJ-1 null mice
than in than wild type mice. J, Western blot analysis of TH, DAT, and VMAT?2 levels in 11-month-old brains did not reveal any genotype

differences.

DJ-I has been implicated in oxidative stress and protein
folding and degradation. The pathological inclusions are com-
monly found in neurodegenerative diseases in susceptible pop-
ulation of remaining neurons and the presence of such inclu-
sions could indicate dysfunctional cells. Intracytoplasmic Lewy
body inclusion is characteristic of PD and the Lewy bodies
contain a-synuclein and ubiquitin (37—41). Therefore, we

stained midbrain sections from 6-month- (not shown) and 11-
month-old (Fig. 6, A and B) mice with a-synuclein and ubiq-
uitin antibodies. No a-synuclein- or ubiquitin-positive inclu-
sions were found. Hematoxylin-eosin staining revealed no
eosinophilic inclusion either (data not shown). The expression
levels of a-synuclein in DJ-1 null mice were comparable with
those in wild-type controls in Western blot in 5-month-old (not
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FiGc. 5. No dopamine neuron loss in SNc¢ of DJ-1 null mice. A, there was no obvious dopaminergic neuronal loss in 6-month- (6-mon) or
11-month-old (Z1-mon) DJ-1 null mice compared with wild-type controls (n = 6 for each genotype of each age). B, the distribution of dopamine
neuron counts along the rostral-caudal axis throughout the SNc¢ in 6-month-old mice. Similar distribution was seen in 11-month-old mice (data not
shown). C, TH (black) and NeuN (brown) double staining of SNc in lower magnification (left panels) and higher magnification (right panels) from
representative 6-month-old mice. Scale bar is 200 um for the left panels and 20 um for the right panels.

shown) as well as in 11-month-old mice (Fig. 7). Oxidative
modification of proteins can be detected by antibodies against
carbonylated proteins. Despite the potential role of DdJ-I in
oxidative stress, the absence of DJ-1 did not increase carbonyl
protein levels in the brains of 5-month (data not shown) and
11-month-old mice (Fig. 7).

DISCUSSION

Since the discovery that the loss-of-function mutations in
DJ-1 cause an autosomal recessive form of early-onset familial
PD (1), a number of studies have been published to investigate
DJ-1 function and its potential role in the pathogenesis of PD.
This in vivo study clearly indicates that the loss of DJ-1 func-
tion in mice can lead to motor deficits as well as alterations in
nigrostriatal dopaminergic function.

Interestingly, the onset of motor deficits in DJ-1 null mice is
age- and task-dependent. All mice appeared healthy and
seemed to live a normal life at least up to age 11 months. No
motor deficits could be detected in any age groups in the ro-
tarod test. Significant motor deficits in the open field test did
not become obvious until DJ-1 null mice reached 11 months of
age. Importantly, the age-dependent progression of motor def-
icits in DJ-1 null mice further validates the potential of this
mouse model as a good model for PD, given the fact that age is
the single most important risk factor in this progressive neu-
rodegenerative disease.

In contrast, significant motor deficits could be detected in
DJ-1 null mice as young as 5 months old using the tape
removal task. Such task dependence is in agreement with the
fact that subtle motor deficits in PD patients can be detected
much earlier than the occurrence of classic motor deficits of

PD (42). This could be especially true in a progressive disor-
der in which the affected individual could have a lengthy
period to compensate for minor deficits. There have been few
studies validating behavioral tasks in mice for their ability to
detect mild nigrostriatal dysfunction. Tape removal may be
sensitive to mild nigrostriatal dysfunction because it requires
coordinated forelimb use. It is known in other rodent PD
models that tasks involving forelimb use are especially sen-
sitive in detecting subtle dopaminergic deficits (43—-46). Even
though the open field test is known to be sensitive to hypolo-
comotion often associated with hypodopaminergic function, it
is not as sensitive as the tape removal task. The rotarod is
commonly used in Huntington disease animal models, in
cerebellum dysfunction, and in spinal cord dysfunction (47—
49). However, it is a less specific and less sensitive task for
dopamine system dysfunction.

It is surprising and counterintuitive that DJ-1 null mice
have more tissue dopamine content, more dopamine release, as
well as faster dopamine reuptake in the dorsal striatum com-
pared with wild-type controls. The cyclic voltammetry study
directly probed dopamine reuptake kinetics and the data sug-
gested an enhancement of DAT function in DJ-1 null mice. One
obvious consequence of enhanced DAT function would be ele-
vated tissue dopamine content (due to more efficient dopamine
recycling) and therefore a larger releasable pool. One relevant
comparison to these conditions is the DAT knockdown mice
that seem to have the opposite phenotype (50). DAT knockdown
mice have decreased dopamine reuptake due to reduced DAT
expression. They also have lower tissue dopamine content (due
to reduced dopamine recycling) and lower dopamine release

9002 ‘G Jlaqwiadag uo AusIsAiun ysny jo Areiqi] re 610 o mmm woiy papeojumoq


http://www.jbc.org

The Journal of Biological Chemistry

Jjbe

21424

A TH SYN merged

+{+

+/+

Fic. 6. No obvious neuropathology in SNc¢ of DJ-1 null mice.
Fluorescence immunostaining of SNc¢ neurons for a-synuclein (SYN)
and ubiquitin (Ub) in 11-month-old mice (n = 3 for each genotype) is
shown. A, strong a-synuclein staining (green) is seen in nuclei, cyto-
plasm, and processes of dopaminergic neurons (labeled by TH, red). No
inclusions or obvious expression level change were found in DJ-1 null
mice. B, weak ubiquitin (Ub) staining (red, dot-like) is seen in both
dopaminergic (labeled by TH, green) and non-dopaminergic cells. No
inclusions or obvious expression level change were found in DJ-1 null
mice. Similar results were seen in 6-month-old mice (not shown, n = 3
for each genotype). Scale bar is 20 um.

(due to a reduced releasable pool). Much more severe changes
in the same direction were found in mice with complete loss of
DAT function (51, 52). These decreases in dopaminergic param-
eters are the opposite of changes that we found in DJ-1 null
mice. Importantly, DAT knockdown mice show hyperlocomo-
tion in the open field, which is also the opposite of the behav-
ioral deficit in DJ-1 null mice.

Furthermore, DAT function may be one of the most important
factors that determine susceptibility to PD. First of all, higher
tissue dopamine content is associated with increased cellular
oxidative stress (53-58). Second, higher DAT function could con-
fer vulnerability to neural toxins in the environment. Even
though human genetic studies are still lacking, mice with no DAT
expression or half of the normal DAT expression are much more
resistant to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-in-
duced Parkinsonism (59). Similarly, in Caenorhabditis elegans,
mutations that impair DAT function make the organism less
vulnerable to Parkinsonism-inducing toxins (60). Interestingly,
more dopamine release and faster dopamine reuptake in DdJ-1
null mice were only detected in the dorsal striatum, which is in
agreement with the fact that PD affects mostly nigrostriatal DA
neurons. Although we did not detect obvious elevations of DAT
protein levels in DdJ-1 null mice, more studies have to be con-
ducted to determine the functional aspects of dopamine transport
such as DAT compartmental expression, oligomerization, and
functional modifications by DAT associated proteins (61-63).

Age-dependent Motor Deficits in DJ-1 Null Mice
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Fic. 7. Western blot analysis of brain protein levels in 11-
month-old mice (n = 6 for each genotype). Protein levels for protein
carbonyl (Oxyblot) showed comparable protein oxidation in DJ-1 null
mice and wild-type controls. Western blot analysis of a-synuclein
(SYN), androgen receptor (AR), and GAPDH levels did not reveal any
genotype differences. Similar results were seen in 5-month-old mice
(not shown, n = 8 for each genotype).

Even though motor deficits can be detected in DJ-1 null mice
as young as 5 months of age, we did not find significant do-
pamine neuron loss or neuropathology in DJ-1 null mice at 6 or
11 months of age. This is in contrast to human PD patients who
usually develop motor symptoms only after loss of ~50—-60%
dopamine neurons. There are a number of possibilities that
may explain the differences between human PD patients and
the mouse model. First of all, it is not clear yet whether DJ-1
linked PD patients have actual dopamine neuron loss or only
functional disturbances of the dopaminergic system. 8 F-DOPA
PET scan studies have shown evidence of nigrostrial dopamin-
ergic functional deficit in DJ-1 linked PD patients (64). How-
ever, no autopsy pathology is available yet. Second, the diffi-
culty in detecting motor deficits in human PD patients before
significant dopamine cell loss may be due to the fact that
multiple behavioral compensations could happen in humans
with a progressive neurodegenerative disorder. Third, neuro-
degenerative pathology may require a long period to manifest,
whereas the life span of mice is much shorter than that of
humans. Fourth, there could be intrinsic differences between
mouse and human brains. For example, melanin is present in
human dopaminergic neurons but not in rodents. Finally, ex-
posure to environmental insults could be important in pheno-
typic expression of the genetic mutations; humans and mice are
not exposed to the same type of environmental insults. There-
fore, providing additional insults such as toxic exposures or
other genetic mutations in the setting of DJ-1 deficiency may
be necessary to manifest the full range of parkinsonian pheno-
types in mouse models.

There was some suggestion of sex-specific expression of DJ-
1-mediated deficits. The tape removal task showed that male
DdJ-1 null mice were more affected by the mutation than fe-
males. Even though one could postulate that females were not
sensitive to the particular test, potential interactions between
DJ-1 and the androgen receptor raise intriguing possibility of
sex-specific effect of DJ-1. Earlier biochemical studies showed
that DJ-1 binds to a modulator of androgen receptor PIASxa,
which leads to reduced repression of androgen receptor tran-
scription activity (15, 16). In humans, a preponderance of PD in
males compared with females has been noted (65), but whether
DJ-1 linked PD also has a gender bias is not known yet.
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Earlier studies also found that DJ-1 was reduced in rat
sperm treated with sperm toxicants that cause infertility in
rats (12) and that DJ-1 may play a role in fertilization in mice
(13). However, we did not see any association of DJ-1 function
and male fertility in our studies; there was no change of an-
drogen receptor levels in brains of DJ-1 null mice either (Fig.
7). Another protein that was implicated in earlier studies in
relation to PD and DJ-1 was GAPDH (14, 66, 67). GAPDH was
found to be co-localized with a-synuclein in Lewy bodies. It was
also co-purified with DJ-1 as a complex from a rat hepatoma
cell line. However, we did not see any difference in GAPDH
levels between DJ-1 null mice and their wild-type controls
(Fig. 7).

In conclusion, the age-dependent progression of motor defi-
cits and neurochemical changes in the nigrostriatal pathway in
DdJ-1 null mice provide valuable insights on the importance of
DJ-1 in the pathogenesis of PD. In addition, this model pro-
vides an unprecedented opportunity to investigate the role of
aging and DJ-1-related biochemical pathways in the pathogen-
esis of PD. Future studies will tell us whether advanced age
will eventually lead to discernable neuropathology and promi-
nent dopamine neuron loss in DJ-1 null mice.
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Addendum—While our paper was being reviewed, the paper by
Goldberg et al. on DJ-1-null mice appeared in Neuron (Goldberg,
M. S., Pisani, A., Haburcak, M., Vortherms, T. A., Kitada, T., Costa,
C., Tong, Y., Martella, G., Tscherter, A., Martins, A., Bernardi, G., Roth,
B. L., Pothos, E. N., Calabresi, P., and Shen, J. (2005) Neuron 45,
489-496) with the main findings similar to ours. They noted behavioral
deficits without dopaminergic cell loss.
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Abstract

Toxin-induced animal models of Parkinson’s disease (PD) exhibit many of the same neuroinflammatory changes seen in patients suggesting a
role for inflammation in DA neuron loss. Yet, despite this inflammation, the progressive loss of DA neurons that characterizes PD is rarely seen in
animals. We infused lipopolysaccharide (LPS) or saline into 7-month-old rats that had been exposed to LPS or saline prenatally and assessed them
for DA neuron loss and inflammatory measures (interleukin 1 beta, tumor necrosis factor-alpha, glutathione, and activated microglia) over a period
of 84 days to examine the role of pre-existing inflammation in progressive DA neuron loss. LPS infusion into both prenatal treatment groups
produced neuroinflammation during the 14 days of LPS infusion that subsequently reverted toward normal over the next 70 days. In animals with
pre-existing inflammation (i.e., prenatal LPS), however, the acute changes seen were attenuated, but took much longer to return to normal
suggesting a prolonged inflammatory response. These inflammatory changes were consistent with the greater acute DA neuron loss seen in the
prenatal saline controls and the progressive DA neuron loss seen only in the animals exposed to LPS prenatally. Interestingly, both prenatal
treatment groups exhibited increases in microglia over the entire 84-day course of the study. These data suggest that pre-existing
neuroinflammation prolongs the inflammatory response that occurs with a second toxic exposure, which may be responsible for progressive DA
neuron loss. This provides further support for the “multiple hit” hypothesis of PD.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Parkinson’s disease; Interleukin-1 beta; Tumor necrosis factor-alpha; Microglia; Disease progression; Dopamine; Serotonin; Glutathione; Interleukin-10

Introduction

Numerous studies by several laboratories have reproducibly
demonstrated inflammatory changes in the brains of patients
with Parkinson’s disease (PD) including increases in oxidized
proteins (Jenner, 1998, 2003), DNA (Fukae et al., 2005; Jenner,
1998, 2003) and lipids (Gotz et al., 1990; Jenner, 1998, 2003;
Knott et al., 2002; Olanow, 1990), alterations in glutathione (Gu
et al., 1998; Olanow, 1990; Owen et al., 1996; Schulz et al.,
2000), activation of microglia (Cho etal., 2003; Gao et al., 2003;
Kim and De Vellis, 2005), and increased levels of pro-
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inflammatory cytokines (Barcia and Herrero Ezquerro, 2004;
Hunot and Hirsch, 2003; Mogi et al., 1996; Nagatsu et al., 2000).
Although the etiology of PD is unknown, most feel that the
inflammation that accompanies dopamine (DA) neuron death is
responsible, at least in part, for the progressive neurodegenera-
tion that characterizes PD. Neurotoxins used to produce animal
models of PD, similarly induce inflammation, which is quite
similar to that seen in the brains of patients with PD (Barcia and
Herrero Ezquerro, 2004; Hunot and Hirsch, 2003; Kim and De
Vellis, 2005). Yet, despite similar inflammatory states, the
progressive DA neuron loss that characterizes PD rarely occurs
in these animal models. This questions the role of inflammation
in PD.

Several studies employing multiple DA toxin exposures
revealed that animals previously exposed to neurotoxins,
exhibit further, additive (Ling et al., 2004b), as well as
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synergistic, DA neuron losses (Gao et al., 2003; Ling et al.,
2004a; Thiruchelvam et al., 2003) following the second toxin
exposure. These studies are consistent with the “multiple hit
hypothesis” of PD, which suggests that the DA neuron losses
seen in patients are a result of multiple factors, and in the cases
cited above, multiple exposures to environmental DA neuro-
toxins. Since a single exposure to a DA neurotoxin produces
neuroinflammation, but not progressive DA neuron loss, it
follows that the additive and synergistic losses seen in these
multiple hit studies are a consequence of additive and
synergistic levels of inflammation, respectively. This further
suggests that pre-existing neuroinflammation may predispose
the brain to further DA neuron loss and potentially progressive
loss in the weeks and months following a second exposure.
Although it is possible that PD patients are continuously
exposed to DA neurotoxins such as salsolinol (Naoi and
Maruyama, 1999) or dieldrin (Corrigan et al., 2000; Fleming et
al., 1994), it seems unlikely that acute toxin exposure, can
explain progressive DA neuron loss. On the other hand, it is also
possible that multiple acute toxin exposures could produce
progressive DA neuron loss as a result of achieving a critical
threshold of inflammation, or one that is not readily reversible.
Either way, such inflammation would lead to DA neuron loss
producing further inflammation leading to more DA neuron loss
in a self-perpetuating fashion that leads to progressive
neurodegeneration. We have now tested this hypothesis in the
prenatal lipopolysaccharide (LPS) animal model of PD.

Animals exposed to LPS prenatally are born with fewer than
normal DA neurons (Ling et al., 2002) and, during adulthood,
exhibit several indices of neuroinflammation including in-
creased numbers of microglia, elevations in tumor necrosis
factor alpha (TNFa), increased oxidized proteins, alterations in
glutathione, and Lewy-like bodies (Carvey et al., 2003; Ling et
al., 2004a). Supranigral infusion of LPS also increases
neuroinflammation in the brain and kills DA neurons (Liu et
al., 2000). In the current study, we infused LPS supranigrally
into adult animals exposed to LPS prenatally and followed them
for an extended period (84 days). We hoped to demonstrate
progressive DA neuron loss affording the opportunity to study
the inflammatory mechanisms underlying that progression. Our
results demonstrate that animals exposed to LPS prenatally and
then infused with LPS in midlife, do exhibit progressive DA
neuron loss while analysis of DA metabolism, glutathione
biochemistry, cytokine levels and microglia activation are
beginning to shed some light on the mechanisms potentially
responsible for this progression.

Materials and methods
Animals and prenatal LPS treatment

Ninety timed-gravid, Sprague—Dawley (Zivic-Miller, Alli-
son Park, PA) female rats were delivered to Rush’s animal
facility at gestational day 9 + 12 h. All animals were allowed to
acclimate for at least 2 days before treatment. Animals had
access to food and water ad libitum and were maintained in an
environmentally regulated facility for the duration of the study

(lights on 0600—1800). At gestation day 10.5, one half of the
females were injected i.p. with LPS (L8274; 026:B6; Sigma) at
10,000 endotoxin units (EU)/kg body weight and the other half
with vehicle (Hank’s Balanced Salt Solution [HBSS]; Sigma).
Animals were allowed to deliver normally. Male offspring were
weaned at postnatal (P) day 21 and housed two animals per
cage. Female offspring were removed and allocated to a
different study. The protocols and procedures used in these
studies were approved by the Institutional Animal Care and
Utilization Committee (IACUC) of Rush University Medical
Center.

Animal grouping

Four different treatment groups were established using 150
pups: (1) prenatal HBSS/postnatal HBSS infusion (HBSS/
HBSS); (2) prenatal HBSS/postnatal LPS infusion (HBSS/
LPS); (3) prenatal LPS/postnatal HBSS infusion (LPS/HBSS);
and (4) prenatal LPS/postnatal LPS infusion (LPS/LPS). Ten (or
five) animals were allocated to each treatment group. At days 14
and 84, one half of each treatment group (n = 5) was used for
biochemistry and cytokine assessments and the other half
(n =5) was used for immunohistochemistry. At days 3, 28, and
56, all five animals were used for biochemistry and cytokine
assessments. An additional twenty pups, ten in each prenatal
treatment group, were used as baseline controls (no supranigral
infusion or sham surgery). They were sacrificed at baseline (7
months), and designated LPS or HBSS. In order to prevent litter
effects, only one male from a given litter per prenatal treatment
group was assigned to a dependent measure.

Postnatal mini-pump implantation

At 7 months of age, the offspring in each prenatal treat-
ment group (LPS or HBSS) were randomly subdivided into
two groups. One subgroup was subjected to supranigral LPS
infusion via mini-pump implantation while the other half was
subjected to HBSS mini-pump infusion. LPS was diluted in
HBSS at 40,000 EU/ml (0.04 mg/ml). For implantation,
animals were anesthetized using pentobarbital (40 mg/kg
body weight). The nape of the neck and top of the head were
shaved and sterilized thoroughly with Betadine. The animals
were then placed in a stereotaxic frame and a skin incision
was made under aseptic conditions. A burr hole was made on
the right side of the head (A/P = —5.2 mm, M/L = —2.2 mm
relative to bregma; D/V = —8.5 mm relative to skull) similar
to the procedure previously described by Liu et al. (2000). A
stainless steel cannula with tubing (Plastics One, Roanoke,
VA) was inserted stereotaxically and fixed to the skull with
the aid of screws and dental cement. The tubing was threaded
subcutaneously to the nape of the neck and then connected to
a mini-pump (Model 2002, Alzet, Cupertino, CA) pre-filled
with LPS solution or HBSS. The mini-pump was inserted
subcutaneously and the incision closed using silk sutures. The
infusion rate of the osmotic pump was 0.5 pl/h delivering 20
EU/h (0.02 pg/h) for 14 days (total delivered dose estimated
at 6720 EU).
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Animal sacrifice

Animals in each treatment group were sacrificed at
designated times following pentobarbital overdose (65 mg/kg)
according to a protocol described in detail previously (Ling et
al., 2002, 2004a,b). At days 0, 14, and 84, one half of the
animals in each group was perfused intracardially with ice-cold
saline and subsequently processed for biochemical and cytokine
assessments. The other half was perfused with ice-cold saline
followed by perfusion with Zamboni’s fixative (7.5% saturated
picric acid, 12 mM NaH,PO,, 88 mM Na,HPO,, and 4%
paraformaldehyde). The brains were removed and processed for
immunohistochemistry. All other animals were perfused with
ice-cold saline.

Tyrosine hydroxylase and Ox-6 immunohistochemistry

Tyrosine hydroxylase (TH) is the rate-limiting enzyme for
DA production in DA neurons and is widely used as an index of
DA neurons. Following fixative perfusion, the brains were
removed and immersed in Zamboni’s fixative for two additional
days at 4°C. At the end of fixation, the brains were soaked in
30% sucrose, changed twice, and subsequently cut into 40 um
coronal sections. The sections were divided into 6 series and
stored in cryoprotectant (0.05 mol/l phosphate buffered saline,
30% sucrose, 30% ethylene glycol). Every sixth section was
immunohistochemically processed for TH using mouse anti-rat
tyrosine hydroxylase (TH) antibody (ImmunoStar, Inc. Hud-
son, WI; 1:20,000) as previously described (Ling et al., 2002,
2004a,b). The secondary antibody used was rat immunoglob-
ulin anti-mouse (rat absorbed) IgG conjugated with biotin
(Vector Laboratories, CA). Peroxidase conjugated avidin—
biotin complex was applied following the secondary antibody.
The chromogen solution used to complete the reaction
consisted of 0.05% 3,3’-diaminobenzidine (DAB), 0.5% nickel
sulfate, and 0.003% H»O, in I/A solution (10 mM imidazole/
50 mM sodium acetate) to obtain a black stain. The sections
were washed, mounted on gelatin-coated slides, dehydrated
through graded alcohols, cleared in xylenes, and cover-slipped
with Permount. For microglial staining, OX-6 anti-major
histocompatibility complex (MHC) class II primary antibody
was used (1:1000; NOVUS Biologicals, Littleton, CO). The
remaining steps were similar to those in the THir protocol.

Stereological cell counts

The estimation of the total number of THir neurons or OX-
6ir microglia in the SN was determined using the computerized
optical dissector method, which allows for the stereological
estimation of THir cells in the entire structure independent of
size, shape, orientation, tissue shrinkage or anatomical level
using Stereolnvestigator software (Vu et al., 2000). The SN was
anatomically identified as those cells lateral to the accessory
optic track as previously described (Ling et al., 2004b). The
antibody penetration throughout the whole tissue section was
assessed by dissectors using an imaging capture technique. The
total number (N) of THir or OX-6ir cells was calculated using

the formula N = Ny x Vg, where Ny is the numerical density
and Vgy is the volume of the SN, as determined by Cavalieri’s
principle. Stereolnvestigator software was also used to
determine the total volume of the SN (in mm?) and the density
of the cells in that volume (cell counts/mm?*). THir and OX-6ir
cell counts in the SN were done by an individual blinded to
treatment history.

Dopamine biochemistry

DA and its metabolite homovanillic acid (HVA) as well as
serotonin (5-HT) and its metabolite 5-hydroxyindole acetic acid
(5-HIAA) were measured using HPLC with electrochemical
detection (Koprich et al., 2003) in both left and right tissue
punches. The size of each punch was 1.5 mm in diameter and
about 1.8 mm in height taken from the center of each frozen
striatum as previously described (Vu et al., 2000). DA, HVA, 5-
HT, and SHIAA were expressed as ng/mg tissue protein
(assessed using the Bio-Rad Protein Assay Kit) and the ratios
of [HVA]/[DA] and [SHIAA]/[5-HT] were used as indices of
DA and SHT activity, respectively.

Glutathione measurement

In animals processed for DA biochemistry, glutathione was
assessed using the Glutathione Assay Kit (Cayman Chemical
Company; Ann Arbor, MI). A single tissue punch taken adjacent
to those used for DA biochemistry in the striatum, as well as a
tissue punch taken from the medial compacta region of the
substantia nigra (SN) lateral to the accessory optic tract, were
used. The tissue punches were processed according to the
manufacturer’s instructions. They were placed into tubes con-
taining 200 pl phosphate-buffered saline with 1 mM ethylene
diamine tetra acetic acid (EDTA) and homogenized using a
sonicator at 4°C. Tubes were centrifuged at 4°C (10,000 x g) and
the supernatants decanted. All the samples were diluted with
buffered saline to achieve equivalent protein content following
protein assessment (Bio-Rad protein assay kit) and then
deproteinated before glutathione assay. Total glutathione was
measured using an enzymatic assay based on the manufacturer’s
protocol. For the GSSG levels, GSH was removed from the
assay by derivatizing GSH with 2-vinylpyridine. The GSSG
levels in the samples were calculated against a curve generated
from the standards also treated with 2-vinylpyridine.

Cytokine assessment

The cytokine assessments were performed using rat cytokine
multiplex kits (Bio-Rad, CA). Briefly, tissue punches (the size
of each punch was 1.5 mm in diameter and about 1.8 mm in
height) were taken and were sonicated in 200 pl lysis buffer,
spun down, and debris removed. Samples were then diluted
with buffer to achieve equivalent protein content (1 mg/ml).
50 pul of sample or standard was added to filter plates containing
pre-coated beads for IL-1p3, TNFa, and IL-10. After incubation,
plates were washed using vacuum suction. The plates were
then incubated with secondary antibodies conjugated with
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fluorescence dye. After additional washes, the plates were
processed in a Luminex 100 plate reader using Qiagen software
(Valencia, CA). A standard curve was generated for each
cytokine and the cytokine levels in the samples were calculated
against each of these curves.

Statistical analysis

The various measures were assessed using SPSS. No
statistically significant ipsilateral-contralateral differences
were observed at baseline (HBSS only or LPS only). Following
supranigral infusion, ipsilateral—contralateral differences were
generally observed. As a result, three-way ANOVAs were
performed on each side separately assessing the effects of
prenatal treatment, supranigral infusion, and time of sacrifice on
the dependent measures. Tukey’s post hoc analyses were used
to detect statistical differences among the groups using P < 0.05
as the threshold significance value.

Results
Tyrosine hydroxylase immunoreactive (THir) cell counts

Three-way ANOVA analysis on the THir cell counts in the
ipsilateral SN revealed an overall effect (Fo35 = 22.32;
P < 0.001) with a total of 48 animals completing the protocol
(two died during the protocol). The effects of prenatal treatment
(138 = 111.51; P < 0.001) and supranigral infusion
(F135 =31.42; P <0.001) were both significant. The effect of
time was not, however, statistically significant. At baseline (day
0, Fig. 1, prior to LPS infusion), animals exposed to LPS pre-
natally had 27.6% fewer THir cells in the SN than those exposed
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Fig. 1. Changes in tyrosine hydroxylase immunoreactive (THir) cell counts over
the course of the study in 7-month-old animals exposed prenatally to Hank’s
Balanced Salt Solution (HBSS) or lipopolysaccharide (LPS) and infused with
HBSS or LPS from days 1 to 14. (Baseline prenatal HBSS (gray circle); prenatal
HBSS/postnatal HBSS infusion [HBSS/HBSS]; prenatal HBSS/postnatal
lipopolysaccharide [LPS] infusion [HBSS/LPS]. Baseline prenatal LPS (gray
diamond); prenatal LPS/postnatal HBSS [LPS/HBSS]; prenatal LPS/postnatal
LPS infusion [LPS/LPS]). (Points which share a common letter are statistically
different from one another (P < 0.05) and relevant to the discussion, although
other statistically significant differences are present among the various points).
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Fig. 2. Representative photomicrographs of tyrosine hydroxylase immunoreac-
tivity in the ipsilateral (right) mesencephalon over the course of the study in 7-
month-old animals exposed prenatally to Hank’s Balanced Salt Solution (HBSS)
or lipopolysaccharide (LPS) and infused with HBSS or LPS from days 1 to 14.
(Prenatal HBSS baseline [HBSS]; prenatal HBSS/postnatal HBSS infusion
[HBSS/HBSS]; prenatal HBSS/postnatal LPS infusion [HBSS/LPS]. Prenatal
[LPS] baseline exposure; prenatal LPS/postnatal HBSS [LPS/HBSS]; prenatal
LPS/postnatal LPS infusion [LPS/LPS]). Magnification bar = 0.25 mm.

to HBSS prenatally. The THir cell losses seen were primarily in
the SN (Fig. 2B) with little overt changes seen in the ventral
tegmental area (VTA) as is characteristic of this model (Ling et
al., 2004b). No statistically significant differences were ob-
served between the ipsilateral and contralateral cell counts in the
SN in either prenatal group. The average baseline THir cell
count in the SN of the HBSS group was 22,228 + 714, which is
in excellent agreement with previous publications by our group
(Ling et al., 2002, 2004a,b) as well as others (German and
Manaye, 1993).
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Supranigral infusion of LPS produced further reductions in
THir cell counts in the ipsilateral SN in both the prenatal HBSS
and LPS groups. Thus, after 14 days, THir cell counts in the
HBSS/LPS group were reduced by 18.2% relative to HBSS/
HBSS controls, whereas after 84 days, no further significant
THir cell losses were observed (25.8% loss relative to HBSS/
HBSS 84 days; Figs. 1, 2E, and I). Animals in the LPS/LPS
group had 14.6% fewer THir cells than the LPS/HBSS group at
14 days (Figs. 1, 2F). In contrast to the HBSS/LPS group,
however, animals in the 84-day LPS/LPS group exhibited
further, significant THir cell losses (34.7% reduction relative to
LPS/HBSS group at 84 days; Figs. 1, 2J) yielding an overall
loss of 52.2% relative to HBSS/HBSS controls. This differential
effect of supranigral infusion over time and across prenatal
treatment was statistically significant as reflected by the prenatal
treatment vs. infusion (£ 33 = 8.11; P <0.01) and the three-way
(F138=17.31; P <0.01) interaction statistics. Animals exposed
to HBSS or LPS prenatally and infused with HBSS postnatally,
did not exhibit any significant alterations in the numbers of
ipsilateral THir cells over the course of the study (Fig. 1 and 2C
and G) suggesting that infusion alone did not alter the cell
counts. Taken together, these data suggest that animals in the
LPS/LPS group exhibited continued THir cell losses during,
and after LPS infusion while the HBSS/LPS animals only lost
DA neurons during the period of LPS infusion.

Three-way ANOVA on the THir cell counts on the con-
tralateral side were also statistically significant (Fo 35 = 15.133;
P <0.001). However, the effect seen was primarily the result of
prenatal treatment (F; 35 = 119.72; P < 0.001; Table 1). No
statistically significant changes in cell sizes or SN volumes
gathered during the stereological assessments were detected in
any of the treatment groups (data not shown).

Microglia cell counts

Three-way ANOVAs on the OX-6ir cell counts in the SN
were highly significant on both the ipsilateral (Fo 35 = 14.51;
P < 0.001) and contralateral (Fo 35 = 15.96; P < 0.001) sides.
Analysis of the ipsilateral cell counts revealed that prenatal
treatment (F;35 = 16.79; P < 0.001), time at sacrifice
(Fr3s = 10.80; P < 0.001), and supranigral infusion
(F138 = 58.05; P < 0.001) were all statistically significant. At
baseline, the number of OX-6ir cells in animals exposed to LPS
prenatally was elevated 13.96 fold relative to the cell counts
seen in animals exposed to HBSS prenatally (Figs. 3 and 4A vs.
B; HBSS baseline OX-6ir: 69.14 + 24.24). Moreover, the

Table 1

Prenatal ~ Baseline Postnatal ~ Days relative to baseline

exposure infusion Day 14 Day 84

HBSS 11,769 + 830* HBSS 11,242 + 836 11,754 + 842
LPS 11,422 + 621 10,573 £ 1116

LPS 7559 £2267* HBSS 8764 + 1098* 8852 + 524*
LPS 9224 + 626* 8309 + 781*

Footnote: Contralateral THir cell counts in SN area + standard deviation (“*”
indicates statistical difference relative to THir cell count in the animals
prenatally exposed to HBSS baseline (¢), P < 0.05).
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Fig. 3. Changes in OX6-ir cell counts over the course of the study in 7-month-
old animals exposed prenatally to Hank’s Balanced Salt Solution (HBSS) or
lipopolysaccharide (LPS) and infused with HBSS or LPS from days 1 to 14.
(Baseline prenatal HBSS (gray circle); prenatal HBSS/postnatal HBSS infusion
[HBSS/HBSS]; prenatal HBSS/postnatal LPS infusion [HBSS/LPS]. Baseline
prenatal LPS (gray diamond); prenatal LPS/postnatal HBSS [LPS/HBSS];
prenatal LPS/postnatal LPS infusion [LPS/LPS]). (Points which share a
common letter are statistically different from one another (P < 0.05) and
relevant to the discussion, although other statistically significant differences are
present among the various points).

morphology of the microglia in animals exposed to LPS
prenatally revealed larger cell bodies with shorter and thicker
processes indicative of activated microglia (Fig. 4a vs. Fig. 4b).
The numbers of these cells increased dramatically thereafter
following infusion with both LPS and HBSS, but the effect was
clearly larger following supranigral infusion of LPS yielding a
statistically significant interaction between time and infusion
(F233=10.18; P<0.001). In the LPS/LPS group, the number of
OX-6ir cells was increased 6.73 fold relative to LPS baseline
after 14 days (Figs. 3 and 4F) and 10.10 fold after 84 days (Figs.
3 and 4J). These values reflect a 94.0 and a 141.1 fold increase,
respectively, relative to the numbers of microglia seen in the
HBSS group at baseline. Interestingly, many of the sections
exposed to LPS prenatally and supranigral LPS infusion
exhibited multiple tears at 14 days (Fig. 4F). These tears were
not seen in any of the HBSS/LPS animals, nor were they evident
in sections gathered from any of the animals sacrificed at 84
days and may reflect an interaction between inflammation
present in the tissue and the longer duration of peroxidase
needed to develop the OX-6ir stain.

In animals exposed to HBSS prenatally and supranigral LPS
infusion, the average number of Ox-6ir cells at 14 days increased
11.7 fold relative to baseline (Figs. 3 and 4C) and by 84 days,
increased 116.18 fold (Figs. 3 and 4G). The increases seen in
OX-6ir cell counts in any of the LPS infusion groups were pri-
marily the result of the LPS and not just cannulation and HBSS
infusion since the OX-6ir cell counts at 84 days in the HBSS/
HBSS group were only increased 2.31 fold relative to baseline
while the LPS/HBSS group exhibited only a 3.12 fold increase.
Regardless, supranigral infusion of either HBSS or LPS led to
morphological changes in the microglia indicative of activation
(i.e., shorter processes and thicker cell bodies [Fig. 4]).
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Fig. 4. Representative photomicrographs of OX6 immunoreactive microglia in the ipsilateral (right) mesencephalon over the course of the study in 7-month-old
animals exposed prenatally to Hank’s Balanced Salt Solution (HBSS) or lipopolysaccharide (LPS) from days 1 to 14. Capital letters depict the whole mesencephalon
(magnification bar = 0.25 mm) whereas small matching letters depict the morphology of the microglia taken from the matching section (magnification bar = 25 um).
Note that typical microglia in the HBSS controls prior to any infusion have small cell bodies with long, thin and mostly unramified processes (a). With activation, the
cell bodies become larger and the processes are thicker and more ramified and sometimes amorphous (i). (Prenatal Hank’s Balanced Salt Solution [HBSS]; prenatal
HBSS/postnatal HBSS infusion [HBSS/HBSS]; prenatal HBSS/postnatal lipopolysaccharide [LPS] infusion [HBSS/LPS]. Prenatal lipopolysaccharide [LPS]
exposure; prenatal LPS/postnatal HBSS [LPS/HBSS]; prenatal LPS/postnatal LPS infusion [LPS/LPS]).

Similar, although less dramatic effects were seen in the
contralateral SN where there were overall, fewer OX-6ir cells
relative to the ipsilateral SN (data not shown). As was true in the
ipsilateral SN, the number of OX-6ir cells at baseline in animals
exposed to LPS prenatally was significantly elevated (16.63
fold) relative to the HBSS group. This difference increased
insignificantly after 14 days of supranigral LPS infusion,
whereas by 84 days, it had increased significantly (1.96 fold
increase relative to LPS at baseline and 32.64 fold increase
relative to HBSS at baseline). In contrast, the supranigral LPS
infusion into the opposite SN in the animals exposed to HBSS
prenatally increased the number of OX-6ir cells relative to
HBSS at baseline only 3.95 fold after 84 days. HBSS infusion

into the opposite hemisphere did not have a significant effect on
contralateral OX-6ir cell counts in either prenatal group.

Striatal DA biochemistry

Three-way ANOVA revealed an overall effect on ipsilateral
striatal DA (£, g3 = 6.47; P <0.001) with a total of 120 animals
completing the protocol (no animals died in these groups). The
effects of prenatal treatment (Fygs = 54.06; P < 0.001),
supranigral infusion (Fgg = 31.57; P < 0.001), and time at
sacrifice (F5 gg = 3.17; P <0.05) were all statistically significant
(Fig. 5A). At baseline, striatal DA levels in animals prenatally
exposed to LPS were 14.5% reduced relative to the prenatal
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Fig. 5. Changes in striatal dopamine (DA; A) and DA activity ([homovanillic
acid (HVA)]/[DA]; B) in tissue punches over the course of the study in 7-month-
old animals exposed prenatally to exposed prenatally to Hank’s Balanced Salt
Solution (HBSS) or lipopolysaccharide (LPS) and infused with HBSS or LPS
from days 1 to 14. (Baseline prenatal HBSS (gray circle); prenatal HBSS/
postnatal HBSS infusion [HBSS/HBSS]; prenatal HBSS/postnatal LPS infusion
[HBSS/LPS]. Baseline prenatal LPS (gray diamond); prenatal LPS/postnatal
HBSS [LPS/HBSS]; prenatal LPS/postnatal LPS infusion [LPS/LPS]). (Points
which share a common letter are statistically different from one another
(P <0.05) and relevant to the discussion, although other statistically significant
differences are present among the various points).

HBSS baseline group (213.04 + 29.40 ng/mg protein).
Supranigral infusion of LPS into both prenatal treatment groups
reduced DA levels to approximately 75% of their respective
baselines in a parallel fashion by 28 days, after which, they
remained at that level through to the end of the study.
Supranigral HBSS infusion did not produce significant altera-
tions in the ipsilateral DA content in the striatum in either of the
two prenatal treatment groups. In addition, supranigral infusion
of either HBSS or LPS had no statistically significant effects on
contralateral striatal DA over time, although the effects of
prenatal treatment were significant (F; gg = 63.58: P < 0.001;
data not shown).

The HVA/DA ratio is used to reflect DA activity (the release
of DA in a structure such that an increase in the ratio reflects
compensatory increased release in the face of reduced DA
signaling (D’astous et al., 2003; Thiblin et al., 1999; Yurek et
al., 1998; Zigmond et al., 2002)). Three-way ANOVA revealed
an overall statistically significant effect in the ipsilateral

striatum (F5; 88 = 5.35; P < 0.001) as a result of prenatal
exposure (£} gg = 41.88; P < 0.001) and supranigral infusion
(F1 83 = 29.82; P <0.001; Fig. 5B). At baseline, the HVA/DA
ratio in the HBSS group was 0.083 which is a value typical of
adult rats (Pereira et al., 2004; Zigmond et al., 2002). After 84
days, this ratio was increased by 37% as a result of supranigral
LPS infusion. The baseline ratio in the animals exposed to LPS
prenatally was 0.112 reflecting a 35%, statistically significant
(P < 0.05) increase relative to HBSS controls. This ratio
increased an additional 11.6% over the course of the 84 days in
the ipsilateral side as a result of supranigral LPS infusion
yielding an overall increase in this index of DA activity of 51%
relative to HBSS animals at baseline. The changes in DA
activity across the time points studied in both groups were
roughly parallel although the effects over time were not
statistically significant (P = 0.064), likely due to the large
variances. No statistically significant interactions were ob-
served. As was true for the DA data, there were no statistically
significant effects of supranigral infusion over time in the
contralateral striatum (data not shown).

The three-way ANOVAs on the ipsilateral striatal serotonin
data detected overall significant differences in SHT (F3;85 =
4.51; P < 0.001; Fig. 6A) and the SHIAA/SHT ratio
(F2188 = 7.51; P < 0.001; Fig. 6B). For SHT, only the effects
of time were statistically significant (F's gg = 6.33; P <0.001). At
baseline, SHT levels in the ipsilateral striata of the LPS animals
were 30.7% reduced relative to animals prenatally exposed to
HBSS (4.4 + 0.83 ng /mg protein) although this effect was not
statistically significant. At 84 days SHT levels in the LPS/LPS
animals were approximately the same (35.0% reduced relative to
HBSS) suggesting that LPS supranigral infusion had little effect
on SHT (Fig. 6A). In contrast, SHT levels in the HBSS/LPS
group were reduced 43.2% at 84 days relative to baseline
suggesting that supranigral infusion did affect SHT in control
animals as reflected in the statistically significant interaction
between prenatal treatment and time (Fsgg = 5.68; P < 0.001).
Interestingly, the effects on SHT in the contralateral striata were
similar (data not shown).

Overall, the changes in SHT activity were less pronounced
than seen in levels of striatal SHT or DA activity. At baseline,
the SHIAA/5HT ratio was elevated only 11% relative to controls
(HBSS animals at baseline: HIAA/SHT = 1.52 + 0.10) in the
animals exposed to LPS prenatally. Unlike DA activity which
increased over time in all LPS infusion groups, the SHT activity
ratio was decreased by 9% in the LPS/LPS group and by 8.1%
in the HBSS/LPS group relative to their respective baselines
resulting in a significant interaction between time and
supranigral infusion in the three-way ANOVA (F, g5 = 3.05;
P <0.05).

Striatal and nigral glutathione

Reduced glutathione (GSH) assists in neutralizing reactive
oxygen species through glutathione peroxidase to yield
oxidized glutathione (GSSG) which is then converted back to
GSH by glutathione reductase. The amount of GSH thus serves
as an index of antioxidant reserve and the ratio of GSH/GSSG
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Fig. 6. Changes in striatal serotonin (SHT; A) and SHT activity ([S-
hydroxyindoleacetic acid (SHIAA)J/[SHT]; B) in tissue punches over the
course of the study in 7-month-old animals exposed prenatally to Hank’s
Balanced Salt Solution (HBSS) or lipopolysaccharide (LPS) and infused with
HBSS or LPS from days 1 to 14. (Baseline prenatal HBSS (gray circle); prenatal
HBSS/postnatal HBSS infusion [HBSS/HBSS]; prenatal HBSS/postnatal LPS
infusion [HBSS/LPS]. Baseline prenatal LPS (gray diamond); prenatal LPS/
postnatal HBSS [LPS/HBSS]; prenatal LPS/postnatal LPS infusion [LPS/LPS]).
(Points which share a common letter are statistically different from one another
(P <0.05) and relevant to the discussion, although other statistically significant
differences are present among the various points).

reflects the relative amount of detoxification occurring.
Alterations in glutathione are considered one of the earliest
markers of DA neuron loss (Jenner, 1993; Owen et al., 1996).

Three-way ANOVA on the GSH/GSSG ratio revealed an
overall statistically significant effect (/'3 gg = 5.46; P < 0.001)
where all three factors were also statistically significant
(prenatal treatment, F'y gg = 14.56; P < 0.001; supranigral infu-
sion, F; gg =29.74; P <0.001 and time, F’5 gg = 5.35; P <0.001).
The GSH/GSSG ratio in the SN at baseline in animals exposed
to LPS prenatally was reduced 25.8% relative to animals ex-
posed to HBSS prenatally (Fig. 7A; HBSS animals at baseline:
47.44 £ 3.73). Three days into the supranigral LPS infusion, this
ratio decreased to 49.6% of baseline control and only partially
recovered to the pre-infusion level at day 84 where the GSH/
GSSG ratio was still reduced by 39.3% relative to controls.
Supranigral LPS infusion into animals exposed to HBSS
prenatally decreased the GSH/GSSG ratio by 35.2% at 3 days

into the infusion and this ratio remained reduced for the duration
of the study exhibiting only partial recovery at 84 days relative
to baseline (28.7% reduced). It is important to note that the
infusion of HBSS produced a less dramatic, albeit observable,
effect on this ratio in both prenatal treatment groups suggesting
that mechanical perturbation and HBSS infusion produced
some oxidant stress.

In the striatum, three-way ANOVA also revealed an overall
statistically significant effect on the GSH/GSSG ratio on the
ipsilateral side (/' gg = 3.43; P < 0.001; Fig. 7B), but among
the three factors tested, only the effects of prenatal treatment
were statistically significant (F; gg = 49.76; P < 0.001). The
reduction in the ipsilateral ratio in animals exposed to LPS
prenatally was primarily the result of statistically significant
increases in the levels of GSSG at baseline (41.5% relative to
control), whereas the GSH levels in these animals were only
elevated by 7.3% (data not shown).
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Fig. 7. Changes in the ratio of reduced glutathione (GSH) to oxidized
glutathione (GSSG) in tissue punches taken from the substantia nigra (SN; A)
and striatum (B) over the course of the study in 7-month-old animals exposed
prenatally to Hank’s Balanced Salt Solution (HBSS) or lipopolysaccharide
(LPS) and infused with HBSS or LPS from days 1 to 14. (Baseline prenatal
HBSS (gray circle); prenatal HBSS/postnatal HBSS infusion [HBSS/HBSS];
prenatal HBSS/postnatal LPS infusion [HBSS/LPS]; Baseline prenatal LPS
(gray diamond); prenatal LPS/postnatal HBSS [LPS/HBSS]; prenatal LPS/
postnatal LPS infusion [LPS/LPS]). (Points which share a common letter are
statistically different from one another (P < 0.05) and relevant to the discussion,
although other statistically significant differences are present among the various
points).
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The effects of treatment on contralateral GSH, GSSG, total
glutathione, and GSH/GSSG in both the striatum and the SN,
were unaffected or only mildly affected over the course of the
study (data not shown). In the contralateral SN and striatum,
the GSH/GSSG ratio was significantly lower in animals
exposed to LPS prenatally as was GSSG. In addition, there
was a general reduction in the GSH/GSSG during the early
phases of infusion of both LPS and HBSS probably reflecting
injury in the ipsilateral SN. In all the animals, regardless of
prenatal treatment or supranigral infusion, no changes in total
glutathione were observed suggesting that induction did not
occur. The total glutathione levels in the striatum and the SN
were approximately equivalent (~1.3 pM/g wet tissue
weight). Glutathione changes were not observed in the
cerebellum regardless of prenatal treatment or supranigral
infusion.

Striatal and nigral cytokine assessment

The cytokines TNFa, IL-1B, and IL-10 were assessed in
tissue punches from the ipsilateral and contralateral SNs and
striata of each animal. Since both inflammatory and anti-
inflammatory cytokines are likely involved with neurodegen-
erative changes in the DA system, we also evaluated the ratio of
[TNFa] + [IL-1B]/[IL-10] to assess the overall status of pro-
and anti-inflammatory cytokines. The baseline values (pg/mg
protein) of each cytokine differed across the three cytokines and
simply making a ratio of their absolute levels would therefore
not appropriately reflect the relative contribution each made to
the ratio since any changes seen would reflect most, the levels of
the cytokine with the largest absolute value (i.e., IL-10
26.54 pg/mg protein at baseline). We therefore expressed each
cytokine as a percentage of its respective baseline for visual
presentation, although the statistical analyses were performed
on the raw values.

Supranigral infusion of LPS dramatically increased the ratio
of [TNFa] + [IL-1R]/[IL-10] in the ipsilateral SN suggesting an
overall increase in inflammation (Fig. 8 A). Three-way ANOVA
on the un-adjusted cytokine levels (raw numbers) revealed an
overall effect /5 g5 = 62.32; P < 0.001). Both time at sacrifice
(Fsgs = 93.68; P < 0.001) and supranigral infusion (F g5 =
347.40; P < 0.001) were significantly affected. However, the
effect of prenatal treatment was not, suggesting that this ratio
was not statistically altered by LPS or HBSS prenatal exposure.
The cytokine ratio increased almost 100 fold after 3 days of LPS
infusion in the animals exposed to HBSS prenatally and
returned to baseline by 28 days. In contrast, the ratio after 3 days
of LPS infusion into animals exposed to LPS prenatally was
only increased 40 fold, but remained elevated, relative to
baseline, through 56 days and only returned toward baseline at
the end of the study. Similar statistically significant patterns of
change were seen in the contralateral SN ((F,; g5 = 22.59;
P < 0.001); data not shown), although the magnitudes were
significantly lower relative to the ipsilateral side. Thus,
supranigral LPS infusion into animals exposed to HBSS
prenatally increased the [TNFa] + [IL-1R]/[IL-10] ratio over
the first 14 days with a rapid return to baseline. The peak
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Fig. 8. Changes in the ratio of proinflammatory cytokines ([TNF-a + IL-1R3]) to
the anti-inflammatory cytokine [IL-10] (A) and the levels of IL-1{3 (B) in tissue
punches taken from the substantia nigra (SN) over the course of the study in 7-
month-old animals exposed prenatally to Hank’s Balanced Salt Solution (HBSS)
or lipopolysaccharide (LPS) and infused with HBSS or LPS from days 1 to 14.
(Baseline prenatal HBSS (gray circle); prenatal HBSS/postnatal HBSS infusion
[HBSS/HBSS]; prenatal HBSS/postnatal LPS infusion [HBSS/LPS]. Baseline
prenatal LPS (gray diamond); prenatal LPS/postnatal HBSS [LPS/HBSS];
prenatal LPS/postnatal LPS infusion [LPS/LPS]). (Points which share a
common letter are statistically different from one another (P < 0.05) and
relevant to the discussion, although other statistically significant differences are
present among the various points).

increase observed was again at 3 days, but the ratio only
increased 9.6 fold relative to baseline, more than 10 times less
than that seen in the ipsilateral SN. The 3-day increases in the
LPS/LPS animals were attenuated relative to the HBSS/LPS
group, but remained elevated until day 56. Time at sacrifice
(Fsgg = 06.74; P < 0.001) and supranigral infusion
(F1g8 = 61.920; P < 0.001) were again the only two factors
that were statistically significant. Supranigral infusion had even
fewer effects on the cytokine ratios in the ipsilateral and
contralateral striata (data not shown) where the effects seen
were far less pronounced, although still statistically significant.
Thus, the greatest change seen was in the ipsilateral striatum
where the maximum magnitude of change (55%) was after 3
days of supranigral infusion of LPS into animals exposed to
HBSS prenatally. The cytokine ratio in the cerebellum was not
statistically altered by prenatal treatment or supranigral infusion
(data not shown).

Among the individual cytokines, IL-1p was most affected
(Fig. 8B). Three-way ANOVA revealed a highly significant
overall effect (F; gg = 602.58; P < 0.001). Moreover, prenatal



508 Z. Ling et al. / Experimental Neurology 199 (2006) 499-512

treatment (F g3 = 249.02; P < 0.001), post-natal infusion
(Fi8s = 2,890.60; P < 0.001) and time at sacrifice
(Fsg5 = 828.59; P < 0.001) as well as all interactions were
statistically significant. In the ipsilateral SN, baseline levels of
IL-1R (2.00 + 0.08 pg/mg protein) increased almost 152 fold by
3 days in animals infused with LPS and exposed to HBSS
prenatally. IL-1p levels rapidly returned to normal after
cessation of the LPS infusion and were back at baseline by 28
days. In contrast, animals exposed to LPS prenatally exhibited a
61.5 fold peak increase after 3 days, but unlike the levels seen in
the HBSS/LPS animals, the levels only gradually returned to
baseline over 84 days. In the contralateral SN the magnitude of
the changes seen were dramatically reduced revealing a
maximum change of an 11 fold increase that peaked after 3
days in the HBSS/LPS group, but was back to baseline by 28
days (data not shown). No changes were detected in the
cerebellum (data not shown).

Three-way ANOVA revealed an overall effect on ipsilateral
TNFa levels in both the SN (£, gg = 14.46; P <0.001) and the
striatum (F5; g5 = 14.80; P < 0.001) as well. In both tissues,
prenatal treatment, supranigral infusion, and age at sacrifice all
had significant effects. In the SN, animals exposed to LPS
prenatally had TNFa levels that were 39.8% elevated relative to
animals exposed to HBSS prenatally (Fig. 9A; HBSS animals at
baseline: 3.16 + 0.25 pg/mg protein). This difference increased
to a peak level that was 133% elevated relative to control values
at 3 days as a result of supranigral LPS perfusion and returned
toward baseline after 84 days (54% increased). Animals
exposed to HBSS prenatally exhibited a similar pattern of
change in TNFa protein levels over the course of the study.
Thus, supranigral LPS infusion increased TNFa by 89.2% at 3
days followed by a return toward normal over the remainder of
the study. As was true of the changes seen in TNFa levels in the
LPS/LPS group, the TNFa levels never completely returned to
baseline, and, at 84 days, were still 39% increased relative to
baseline. TNFa levels in the ipsilateral striatum followed a
similar pattern, although overall, the changes seen were not
nearly as large as those in the SN (Fig. 9B). Thus, at baseline,
TNFa levels in animals exposed to prenatal LPS were 40%
higher than controls (3.24 + 0.31 pg/mg protein), the levels
increased to a peak 3 days into supranigral infusion of LPS, and
returned to baseline after 84 days. TNFa levels in the ipsi- and
contra-lateral striata and SNs increased transiently in response
to HBSS infusion regardless of prenatal exposure and returned
to baseline at 84 days. TNFa levels in the cerebellum were not
significantly changed by either prenatal exposure or supranigral
infusion over the course of the study.

Among the cytokines, IL-10 was the least affected by
prenatal LPS or supranigral LPS infusion. Three-way ANOVA
on the IL-10 levels in the ipsilateral SN were, overall,
statistically significant (F3; gz = 25.93; P < 0.001) as a result
of significant effects of prenatal treatment (F,gg = 95.10;
P <0.001), supranigral infusion (£ gg = 9.830; P < 0.001), and
time at sacrifice (Fs gg = 32.54; P < 0.001). The baseline levels
of IL-10 in animals exposed to LPS prenatally were reduced by
10% relative to controls (27.12 + 3.00 pg/mg protein). In
addition, LPS prenatal exposure was associated with an
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Fig. 9. Changes in TNF« in tissue punches taken from the substantia nigra (SN;
A) or the striatum (b) over the course of the study in 7-month-old animals
exposed prenatally to Hank’s Balanced Salt Solution (HBSS) or lipopolysac-
charide (LPS) and infused with HBSS or LPS from days 1 to 14. (Baseline
prenatal HBSS (gray circle); prenatal HBSS/postnatal HBSS infusion [HBSS/
HBSS]; prenatal HBSS/postnatal LPS infusion [HBSS/LPS]. Baseline prenatal
LPS (gray diamond); prenatal LPS/postnatal HBSS [LPS/HBSS]; prenatal LPS/
postnatal LPS infusion [LPS/LPS]). (Points which share a common letter are
statistically different from one another (P < 0.05) and relevant to the discussion,
although other statistically significant differences are present among the various
points).

attenuated increase, relative to controls, in response to
supranigral LPS or HBSS infusion. Similar statistically
significant effects were also seen in the contralateral SN
(Fa188 = 24.32; P < 0.001), whereas no significant changes
were seen in any of the three factors in the ipsi- or contra-lateral
striata, or in the cerebellum.

Discussion

The results from this study demonstrate that a second
inflammatory challenge (LPS), to a SN that is already inflamed
because of prenatal LPS exposure, produces progressive loss of
DA neurons. These results not only support the multiple hit
hypothesis of PD, but also suggest that the progressive loss of
DA neurons that characterizes PD may be a consequence of
an altered inflammatory response produced by a prior toxin
exposure. Thus, in normal animals, supranigral infusion of LPS
for 14 days produced THir cell losses in the SN at 14 days, but
no further losses over the remaining 70 days of the study. As
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expected, supranigral infusion of LPS into control animals
produced significant increases in the inflammatory indices
measured, which in some cases, were more pronounced than
those seen in the LPS/LPS animals. With the notable exception
of the increases in numbers of activated microglia, however,
these indices reverted toward normal within 28 days. Animals
exposed to LPS prenatally, on the other hand, had, in most
cases, an attenuated acute inflammatory response to supranigral
LPS infusion, but the duration of that response was markedly
prolonged, relative to controls, and associated with progressive
DA neuron loss. Since animals exposed to LPS prenatally had
higher levels of TNFa, increased numbers of activated
microglia, and a lower ratio of GSH/GSSG relative to controls
at baseline, it is possible that this pre-existing neuroinflamma-
tion altered the second inflammatory response in such a way
that it produced progressive DA neuron loss. Taken together,
these data are consistent with the notion that multiple,
sequential inflammatory challenges, produce an inflammatory
response that subsides more slowly than that seen following a
single toxic exposure. The extended duration of the inflamma-
tory response seen in the “multiple hit” model may then lead to
further neuron losses, which might explain the progressive
degeneration of DA neurons that characterizes PD.

Numerous environmental toxins kill DA neurons in vivo and
this death generally occurs over a short period (Fearnley and
Lees, 1991; Jackson-Lewis et al., 1995). In contrast, progressive
and extended loss of DA neurons is an important characteristic
of PD. Therefore, if an environmental toxin does participate in
the pathogenesis of PD, then progressive loss of DA neurons
should occur in toxin-induced animal models of PD. Yet,
supranigral infusion of LPS (Gao et al., 2003), paraquat with
maneb (Thiruchelvam et al., 2003), and long-term, low-dose
MPTP exposure in non-human primates (Brownell et al., 1998)
are the only three reports we are aware of, that showed
continued THir cell loss in the months following withdrawal
from the toxin. Acute exposure to epoxomicin, or its synthetic
analog, similarly produced progressive DA neuron loss
following discontinuation of exposure, although the animals
were only studied for an additional 6 weeks (McNaught et al.,
2004). Thus, the majority of toxins used to produce PD-like
lesions reproduce the neuroinflammation, but not the progres-
sive loss of DA neurons seen in PD. This failure to exhibit
progression could be the result of several factors including age
at exposure, exposing animals for too short a period, or simply
that the toxin used does not produce the same pathophysiolog-
ical changes as those seen in patients. Alternatively, the levels of
inflammation achieved in these models may quickly subside
preventing further DA neuron death and even allowing
recovery. Indeed, many neurotoxins produce acute DA neuron
losses and then partial recovery of those losses in the weeks and
months following exposure (Bezard et al., 2001; Jakowec and
Petzinger, 2004). If neuroinflammation, which usually subsides
over time, is indeed responsible for the progressive loss of DA
neurons, then a mechanism for perpetuating such inflammation
must exist, or alternatively, it reaches a critical threshold where
homeostatic mechanisms are overwhelmed. This would then
suggest that the majority of toxins studied might produce a

progressive DA neuron loss if the brain were predisposed due to
pre-existing inflammation as was true in the animals in the
present study.

Prior to supranigral infusion, animals exposed to LPS
prenatally had 28% fewer THir cells in their SNs. In addition
to THir cell loss, the prenatal LPS animals at baseline had
reduced striatal DA and increased DA activity, increased
numbers of activated microglia, increased levels of TNFa and
normal levels of IL-1{ relative to controls. These findings are
similar to those reported previously (Carvey et al., 2003; Ling
et al., 2002, 2004a,b) and supports the hypothesis that
prenatal exposure to LPS produces a life-long state of
neuroinflammation associated with reduced DA function.
However, the changes in glutathione biochemistry and SHT
reported here broaden the similarities between the prenatal
LPS animal model and PD. Thus, the reduced levels of GSH
and GSH/GSSG ratio as well as the slightly reduced levels of
SHT seen in the striata of animals exposed to LPS prenatally,
are similar to those described in patients with PD (Hesselink,
1993; Jenner et al., 1983). These changes further reinforce
our contention that exposure to LPS in utero, which
commonly occurs during pregnancy complicated by bacterial
vaginosis, serves as a risk factor for PD (Ling et al., 2002).
The reason for the perpetual inflammatory state and
reductions in DA function in these animals is currently
unknown and under active investigation.

Following exposure to LPS, both prenatal treatment groups
exhibited parallel increases in TNFa. Thus, in the SN
ipsilateral to the LPS infusion, both groups showed peak
increases of TNFa 3 days into supranigral LPS infusion,
which returned only partially to their respective baseline
levels at the end of the study. Since TNFa kills DA neurons
in tissue culture (McGuire et al., 2001) and following
supranigral infusion (Carvey et al., 2005), the elevated levels
of TNFa in the HBSS/LPS group should have produced
progressive DA neuron loss, but this was not shown. Thus, it
is unlikely that TNFa is responsible for the progressive DA
neuronal loss seen in our experiments.

Supranigral LPS infusion also produced dramatic increases
in IL-1p3 in both prenatal treatment groups (50 to 152 fold
increases relative to the respective baseline). IL-1p has also
been shown to reduce DA neurons when given to newborns
(Kabiersch et al., 1998) or following supranigral infusion into
adults (Carvey et al., 2005). Indeed, of all the inflammatory
indices evaluated, the changes in IL-13 were most affected by
treatment and similar to the patterns of change seen in THir
cell counts. Thus, in the HBSS/LPS group, IL-13 levels
increased much more dramatically during LPS infusion then
seen in the LPS/LPS group. However, the high levels in the
HBSS/LPS group reverted rapidly back to baseline after
discontinuation of LPS exposure, whereas IL-1p3 reverted
very slowly in the LPS/LPS animals. The larger acute
increases in IL-1p in the HBSS/LPS group might explain the
greater DA neuron losses seen in that group at 14 days while
the rapid reversion to normal might account for the absence
of further DA neuron loss over the next 70 days. However, in
the LPS/LPS group IL-1p levels remained elevated well
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beyond the discontinuation of LPS infusion in association
with progressive THir cell loss. Thus, in animals with an
elevated baseline level of neuroinflammation, both the acute
response to LPS infusion and the rate at which it normalized
following discontinuation of LPS infusion were altered. Since
the acute increases in IL-13 in the LPS/LPS animals were
attenuated compared with the HBSS/LPS group, it cannot be
argued that it was a greater inflammatory response in the
LPS/LPS group that was responsible for the progressive loss
seen. Indeed, a “blunted” inflammatory response to a second
challenge with LPS has been extensively studied and known
for years (Li et al., 2000; Mathison et al., 1990), although the
responsible mechanism is not understood (Fan and Cook,
2004). Rather, what changed was the duration of the IL-1p
response. Since this prolonged response occurred during the
interval of progressive DA neuron loss, IL-1[3 may participate
in disease progression.

It is important to note, however, that anti-inflammatory
cytokines counteract the proinflammatory cytokines during
inflammation (Kremlev and Palmer, 2005; Strle et al., 2001).
Indeed, IL-10 levels did increase because of LPS infusion in
both prenatal treatment groups, and although the increases seen
in the prenatal LPS animals were less dramatic than in the
prenatal HBSS group, the differences were not statistically
significant. Alterations in IL-10 therefore do not appear to
explain the differences in THir cell losses across the two
prenatal treatment groups infused with LPS.

Examination of each individual cytokine likely does not
adequately reflect the entire inflammatory environment, so we
attempted to generate a cytokine inflammatory index by
expressing the absolute level of each cytokine as a percent of
its baseline and then generated a pro-/anti-inflammatory ratio
([TNFa] + [IL-1B)/[IL10]). The changes seen in this ratio over
the course of the experiment were, not surprisingly, similar to
IL-1p since this cytokine changed so dramatically over the
course of the study and therefore contributed most to the
generated ratio. Regardless, this ratio increased 50 fold acutely
then quickly reverted to normal in control animals following
supranigral infusion. In the prenatal LPS group, the ratio
increased significantly less and only gradually returned toward
normal after 84 days. This matched the pattern of changes seen
in THir cell counts in both prenatal treatment groups. Using an
overall index of inflammation that incorporates both inflam-
matory and anti-inflammatory factors therefore seems to be a
valid index of neuroinflammation that can predict DA neuron
changes.

We also examined the numbers of activated microglia by
assessing OX-6ir cells. OX-6 binds to the MHC class II of
receptors on monocytes and expression of this antigen in brain
suggests microglial activation (Cho et al., 2003; Ng and Ling,
2001; Tomas-Camardiel et al., 2004). Activated microglia
release a number of pro-inflammatory cytokines as well as other
inflammatory mediators (Chianella et al., 1999; Cho et al.,
2003; Kim and De Vellis, 2005; Mcgeer et al., 1988; Ng and
Ling, 2001). The baseline OX-6ir cell counts in the LPS animals
were markedly elevated relative to controls and consistent with
the increased levels of TNFa seen in these animals. Ox-6ir cell

counts increased dramatically thereafter as a result of LPS
infusion, increasing 151 fold relative to baseline at 84 days.
However, animals exposed to HBSS prenatally and supranigral
LPS infusion exhibited a similar pattern of increase, although
the absolute numbers were significantly lower (116 fold
increase relative to baseline). Yet, the HBSS/LPS animals
failed to exhibit progressive DA neuron loss. Obviously, the
increased numbers of OX-6ir cells were not responsible for the
THir cell losses seen since small, yet significant, increases in
OX-6ir cells were also seen in animals infused with HBSS that
did not exhibit any THir cell loss. The changes in microglia
observed therefore do not seem to explain the progressive losses
of THir cells observed.

Given that microglia are known to release TNFa and IL-1$3
upon activation, it was surprising to discover that the significant
increases in OX-6ir cells did not correlate well with cytokine
production. Thus, following discontinuation of LPS infusion,
the number of microglia continued to increase while both
TNFa and IL-13 decreased. The presence of activated
microglia is presumed to reflect the inflammatory state of
neural tissue. However, the results presented here suggest
otherwise, at least in terms of pro-inflammatory cytokine
production. It is possible that other markers of activated
microglia such as OX-42 or ED-1 (Chianella et al., 1999)
would better correlate with pro-inflammatory cytokine levels.
Regardless, this finding suggests that increased numbers of
activated microglia do not necessarily indicate increased
proinflammatory cytokine production.

Gao et al. (2003) demonstrated that supranigral LPS infusion
also increased the numbers of activated microglia (OX-42ir
cells). They also showed that microglia activation preceded a
progressive DA neuron loss that occurred over several
months. However, by comparison, their THir cell losses
were significantly larger. The apparent increased susceptibility
in their study could reflect rat strain differences (Fisher 344
vs. Sprague—Dawley). They also used a different lot of E. coli
LPS, and we have previously noted that the number of EU/mg
endotoxin can vary dramatically between lots (unpublished
observation). Thus, it is possible that they were delivering
comparatively more EU/kg, which could explain the differ-
ences in magnitude seen between their study and ours. If this
were the case, the greater degree of inflammation a larger dose
would have produced would explain the progressive loss seen
in their animals whereas our control animals failed to exhibit
progressive THir cell losses. In addition, the use of a different
marker for activated microglia might also explain some of the
differences between Gao et al.’s study and ours. Although the
differences between their results and ours require further
investigation, both studies provide data indicating that
inflammation precedes and contributes to progressive neuron
loss.

One final inflammatory index that could help to explain the
differences in LPS infusion-induced progression between the
two prenatal treatment groups is the ratio of GSH/GSSG. This
ratio reflects the level of oxidant stress present in a tissue (Owen
et al., 1996; Schulz et al., 2000). Consistent with our previous
results showing increased protein oxidation in animals exposed
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to LPS prenatally (Ling et al., 2004a), the GSH/GSSG ratio in
the ipsilateral SN of the LPS group was reduced 25.2% relative
to animals exposed to HBSS prenatally. Supranigral LPS
infusion significantly reduced this ratio further in both prenatal
treatment groups yielding a peak reduction in the LPS/LPS
group at 3 days of 49.6% of normal. Interestingly, the ratios in
both prenatal treatment groups reverted only partially back to
normal after 84 days, and remained reduced relative to control
and their respective baselines in both treatment groups. If
indeed the GSH/GSSG ratio is an index of oxidant stress which
contributes to progressive neuron loss, then both supranigral
infusion groups were still exhibiting oxidant stress 70 days
following discontinuation of LPS perfusion which should be
associated with further DA neuron loss. This was not the case,
however. Moreover, as was true with many of the other
inflammatory indices, the patterns of change in this ratio during
and after LPS infusion were parallel between the two prenatal
treatment groups thereby failing to explain the progressive THir
cell loss in the animals exposed to LPS prenatally. Finally, the
GSH levels in the LPS/LPS ipsilateral SN after 84 days were
only reduced by 9.2% relative to controls at baseline. This
indicates that there was plenty of free radical detoxification
reserve remaining suggesting that the ability of the glutathione
system to handle reactive oxygen species burden was not
overwhelmed.

Taken together, the results from the present study suggest
that pre-existing neuroinflammation contributes to progressive
DA neuron loss following a second inflammatory challenge
with LPS. The mechanism (s) responsible for this progression
may involve changes in IL-1Q, although a host of other
inflammatory mediators that were not evaluated here could also
be involved. Although it is possible that a second exposure to an
inflammogen could produce an overall level of inflammation
that reaches some critical threshold that precludes reversal, this
does not appear to be the case in the present study since LPS
infusion into a normal SN, produced in some cases, a greater
inflammatory response. It therefore seems more likely that pre-
existing inflammation somehow changes the response to a
subsequent inflammatory challenge such that the duration of
that inflammatory change is prolonged as suggested here, or
changed in some other unknown manner. Regardless of the
mechanism involved, the data from the present study are
consistent with notion that PD, beside the genetic factors, is a
consequence of multiple exposures to environmental toxins.
Whether or not this altered inflammatory response is unique to
prenatal LPS and postnatal LPS infusion or is a universal
consequence of multiple toxin exposures is currently being
examined. Understanding the interactions of these “multiple
hits” may lead to a better understanding of the mechanisms
responsible for disease progression in PD.
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Progressive Dopamine Neuron Loss in Parkinson’s Disease:
The Multiple Hit Hypothesis
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Animal models have been an essential tool for researchers and clinicians in their efforts to study and treat
Parkinson’s disease (PD). Thus, the various ways 6-hydroxydopamine is employed, the use of MPTP in
rodents and nonhuman primates, the prenatal exposure to bacterial endotoxin, the postnatal exposure to
environmental toxins such as paraquat and rotenone, the assessment of dopamine (DA) neurons in genetic
knockout mouse, and even the behavioral analysis of fruit flies and worms have added significantly to our
knowledge base of PD—or have they? Are these animal models manifesting a true model of PD? Have the
7786 published studies (to date) on PD with animal models led to a clearer understanding of its etiology,
treatment, or progression? In this review we critically assess this question. We begin with a succinct history
of the major contributions, which have led to the current animal models of PD. We then evaluate the primary
issue of the progressive loss of DA neurons, which, except for a few studies, has not been addressed in
animal models of PD, even though this is the major pathological characteristic of the disease. Lastly, we
discuss the possibility that more than one risk factor for PD may be necessary to develop an animal model
that shows synergy—the progressive loss of DA neurons. Thus, the multiple hit hypothesis of PD—that is,
the effect of more then one risk factor—may be the start of new era in animal models of PD that is one

step closer to mimicking the pathology of PD in humans.

Key words: Parkinson’s disease Dopamine neurons Progression Multiple hit hypothesis

PARKINSON’S DISEASE

James Parkinson first systematically described the
symptoms of Parkinson’s disease (PD) in the early
1800s, which he labeled the “shaking palsy.” The cardi-
nal features of PD are tremor, rigidity, brady-/akinesis,
and postural instability. Approximately 40,000 people in
the US are diagnosed with PD every day, and over 1
million Americans have this disease. The daily cost is
estimated at $66 million, including direct and indirect
costs such as the inability to work and medical/long-
term care (75). PD is the second most prevalent neuro-
degenerative disease next to Alzheimer’s disease. No
cure currently exists.

The symptoms of PD do not develop until there is
an estimated 70—80% reduction in the dopamine (DA)
content of the caudate and putamen (striatum) associated

with an estimated 50—60% loss of DA neurons in the
substantia nigra pars compacta (SNpc) (2,26,81). Idio-
pathic PD generally develops after the age of 60. How-
ever, patients younger than 40 years of age have been
identified, and many have been shown to have one of
several genetic mutations, suggesting that early onset
PD may be familial (18,41,69,88). PD is a progressive
neurodegenerative disease. When first diagnosed, most
patients exhibit mild unilateral symptoms that inexora-
bly progress to bilateral debilitating signs and symptoms
that require full-time nursing care in late-stage disease.
To date there is no proven strategy to stop or slow the
progression of PD. However, significant advancements
in alleviating the symptoms of PD using drug therapy
and surgical procedures have evolved. The most widely
used treatment is levodopa, a DA precursor that is trans-
ported across the blood—brain barrier (BBB). Although
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levodopa markedly improves symptoms in most PD pa-
tients, it is clearly not a cure and its effectiveness dimin-
ishes over time (36,37).

The transplantation of human embryonic ventral mes-
encephalic (VM) tissue has shown encouraging results
in some patients with PD (38,44,74). However, there are
limitations to the use of fetal donor tissue (43) along
with a loss of benefits following withdrawal form immu-
nosuppressive therapy, and some patients have experi-
enced graft-induced dyskinesias [for review see (71)].

Studies employing animal models as well as patient
studies are now indicating that a complex set of factors
occurring over long periods likely contribute to PD.
Pathogenesis of PD is accompanied by changes in multi-
ple neuronal systems and immune responses against a
background of genetic predispositions and innate charac-
teristics that interact with environmental toxins. Animal
models have helped to establish many of the hallmark
characteristics of PD (Table 1), and some of the models
exhibit multiple characteristics of the human disease
(Table 2). However, it is fair to say that very few models
have looked at more than one of these characteristics,
focusing rather on the DA system alone. This dopamino-
centric perspective restricts our perspective on PD cau-
sation and implies that only DA is involved in the patho-
genesis of PD. Moreover, many studies focus on the

Table 1. Pathological Signs and Symptoms Seen
in Parkinson’s Disease

1. Progressive degeneration of DA neurons of the SNpc
2. Formation of fibrillar cytoplasmic inclusions—Lewy bodies
a. with ubiquitin
b. with alpha'synuclein aggregates
3. Reduced striatal DA with increased DA activity (HVA/DA)
a. reductions in brain serotonin
4. Neuroinflammation
a. activated microglia
b. possible astrocytosis
c. increased proinflammatory cytokines (TNF-o. and IL-1(3)
5. Oxidative stress
a. formation or accumulation of numerous reactive oxygen
species (ROS)
b. presence of oxidized proteins
c. presence of oxidized lipids
6. Behavioral deficits
a. motor deficits
b. cognitive disorders
7. Degenerative changes in other brain areas
a. locus ceruleus (LC)
b. dorsal motor nucleus of the vagus
c. reductions of DA in several cortical areas
8. Numerous peripheral problems
a. constipation
b. blood pressure fluctuations
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acute loss of DA neurons produced by DA neurotoxins.
Do we really think that constipation or the degeneration
in the locus coeruleus (LC) is solely a consequence of
DA neuron loss? This focus on acute DA neuron loss is
based on the misguided notion that understanding acute
DA neuron loss will help us to treat PD patients and
understand their disease. When patients arrive in the
clinic, they already have significant DA neuron loss.
They seek therapies that will slow the progression and
that will inexorably condemn them to late-stage disease.
Yet very few studies have ever addressed the issue of
progression. In this review, we will provide a brief his-
tory of PD animal models from the perspective of dis-
ease progression. We hope to effectively argue that ani-
mal models need to begin to examine the mechanisms
underling progressive DA neuron loss, and that progres-
sion most likely occurs following exposure to multiple
risk factors including environmental toxins, genetic al-
terations, and aging, as codified under the multiple hit
hypothesis of PD.

ANIMAL MODELS OF PD

A half a century after James Parkinson’s essay, the
prominent French neurologist Jean Martin Charcot
(1865) elaborated on Parkinson’s clinical report and
named the disease after James Parkinson (17). Using the
clinico-anatomic method, Charcot and others were able
to distinguished PD from multiple sclerosis and other
neurological disorders (40). Even during the 19th cen-
tury, animals were considered a possible means to study
PD. In Charcot’s writings, he discusses a Germanic
group headed by Henie and Volkman who reported on
the tremorigenic properties of nicotine in the frog (17),
which represents the first animal studies we were able to
identify concerning PD. Indeed, very few studies were
performed on animals for several decades, despite the
appreciation of the prevalence of the disease.

Between Charcot’s naming the disease and the dis-
covery of reserpine, we were only able to identify a few
studies on PD, most of which used neurosurgical abla-
tion. Typical of those studies was a stereotaxic ablation,
using the newly developed Horsley-Clark apparatus, to
induce electrolytic lesions in the mammillary bodies and
the third nerve of cats performed by Ranson and Ingram
in 1932, which produced a cataleptic-like rigidity (82).
One of the first animal models of PD was most likely
found in the 1930s when the Raowolfian alkaloid, reser-
pine, now known to be a vesicular monoamine trans-
porter inhibitor, was shown to induce PD-like symp-
toms. Kline in 1954 probably published the first report
on reserpine in which his interest in this drug came after
reading an article in the New York Times on an Indian
physician use of a herbal root to treat mental illness (50).
Reserpine induced a parkinsonism-like syndrome in some
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Table 2. Comparison of Human PD Characteristics With Animal Models

Animal Models

Characteristics 6-OHDA MPTP Herbicides Prenatal LPS  Genetic Models
Progression no no no some yes

Inclusions Lewy bodies no no yes (rotenone)  yes yes

Striatal DA changes yes yes yes yes limited
Neuroinflammation yes yes yes yes yes

Free radicals yes yes yyes yes yes
Behavioral changes limited yes yes limited limited

Loss in other areas of brain LC
Peripheral characteristics not evaluated

not evaluated
not evaluated

not evaluated
not evaluated

LC, serotonin
not evaluated

not evaluated
not evaluated

241

patients as well as depression. Rats injected with the
drug showed reduced locomotion, hunched posture,
tremors, and rigidity, after which reserpine quickly be-
came a model for PD. Thus, reserpine not only laid the
foundation for eventual studies into the cause of depres-
sion, but for PD as well.

In 1953 Delay and Deniker introduced the drug chlor-
promazine (ostensibly an antihistamine) and thought it
would be helpful in schizophrenia due to its calming
effect on animals and its ability to attenuate amphet-
amine’s psychoactive effects (28). At higher doses, it
produced neurolepsis with rigidity (cogwheeling) and
paucity of movement (hypokinesia). This Parkinson-like
syndrome is similar to encephalitis lethargica and today
is broadly taught as drug-induced parkinsonism. In at-
tempting to identify the cause of these symptoms, ani-
mals were used to compare the effects of reserpine and
chlorpromazine (27). However, lacking a clear under-
standing of DA and its role in the brain precluded any
useful study. Even though in 1938 the enzyme, DOPA
decarboxylase, in the mammalian tissue was identified
by Holtz and shown to be responsible for converting
levodopa to DA (42), it was not until 1957 that Montagu
discovered DA in the brain (66). In the same year in
Sweden, Carlsson determined that the parkinsonism-like
effects of reserpine could be reversed by injections of
levodopa and that DA levels in the brain were reduced
by reserpine and restored to normal by levodopa (14).
Anticholinergics (atropine and scopolamine), among the
few anti-PD drugs then in existence, were assessed in
these models with little or varied success. However, in
1960 Ehringer and Hornykiewicz demonstrated DA de-
ficiency in the brains of PD patients (29) and the next
year Birkmayer and Hornykiewicz delivered levodopa
intravenously to treat PD (9). Then in 1969, Cotzias es-
tablished a rational treatment strategy for PD patients
using levodopa (24), and the FDA approved it for use
in patients in 1970. The link between PD and DA and
levodopa’s ability to reverse the motor effects of reser-

pine thus solidified the notion that animal models could
be useful in studying PD.

THE 6-HYDROXYDOPAMINE MODEL OF PD

The 6-hydroxydopamine (6-OHDA) model truly for-
malized the use of animals in PD research. For almost
20 years, it was the most commonly used PD model and
is still used widely today. There are 6404 citations on
the use of 6-OHDA in general and 1159 citations using
key words 6-OHDA and PD in animals according to
PubMed. It is the second most cited animal model after
1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP).
6-OHDA as a DA neurotoxin is a hydroxylated analogue
of the endogenous neurotransmitter dopamine that pro-
duces DA neuron degeneration both in vitro and in vivo
[for review see (10)]. Senoh and colleagues (1959) were
the first to report its isolation (85,86), and Porter and
colleagues (1963) were the first to use it in animals
when they showed that it depleted norepinephrine (NE)
in the heart (78). Its first use was thus as a NE neuro-
toxin. In 1968, Ungerstedt demonstrated that unilateral
depletion of DA occurred after unilateral 6-OHDA in-
jection into the medial forebrain bundle (95). This not
only allowed the animal to serve as its own control by
comparing contra- and ipsilateral sides, but laid the
groundwork for the widely used rotational model where
direct-acting DA agonists produced contralateral rota-
tion following the development of denervation hyper-
sensitivity and indirect-acting agonists produced ipsilat-
eral rotation caused by increasing contralateral release
of DA.

In 1970, Iversen demonstrated that 6-OHDA entered
catecholamine neurons through DA reuptake sites (45,
46), and since then it has been shown to induce oxidant
stress and/or mitochondrial dysfunction as a complex I
inhibitor. 6-OHDA has been found in both the human
and rat brain, suggesting it may form endogenously (25).
Although it was first used by Porter and colleagues as a
systemic toxin (78), it only enters the brain in very
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young animals lacking a BBB. In older animals, sys-
temic delivery produces a peripheral sympathectomy
and adult animals treated with 6-OHDA may be useful
in providing insight into the peripheral characteristics
of PD, including constipation and regulation of blood
pressure.

Since its discovery as a DA neurotoxin, the experi-
mental protocol to create PD in the rat brain has ex-
panded to include injection of 6-OHDA unilaterally into
the striatum and substantia nigra. 6-OHDA can also be
delivered intracerebroventricularly (ICV) to produce a
bilateral loss of catecholamine cells, as first shown by
Uretsky and Iversen (96). ICV injection leads to degen-
eration of DA and NE cells. Because of its ability to
produce both DA and NE depletion following ICV in-
jection, desipramine, a NE reuptake inhibitor, is gener-
ally given to protect NE cells. However, in PD patients,
the loss of NE neurons in the LC may be partially re-
sponsible for both the onset and progression of damage
to DA neurons (5). Thus, concurrent LC lesions in 6-
OHDA-injected animals worsen the 6-OHDA-induced
nigrostriatal DA toxicity (34,61). This suggests that de-
sipramine should not be used to protect the NE neurons
in the 6-OHDA model of PD because PD exhibits both
SN and LC degeneration.

Numerous characteristics of the PD brain are pro-
duced by 6-OHDA (Table 2). Thus, it produces DA neu-
ron loss and all of the inflammatory characteristics nor-
mally seen in PD. It does produce a behavioral syndrome
that can be used to assess DA function, but actual PD-
like symptoms are not seen. No one we are aware of has
evaluated the peripheral characteristics of this model in
animals to determine whether they exhibit alterations in
blood pressure or exhibit constipation. Furthermore, the
animals do not exhibit inclusion bodies nor do they ex-
hibit a progressive DA neuron loss following treatment.

THE MPTP MODEL OF PD

MPTP is the most used neurotoxin in animal models
of PD. There are currently 1526 citations exhibiting the
key words MPTP and PD in animals at this writing ac-
cording to PubMed. MPTP is one of the few neurotoxins
discovered in humans first. The initial reported instance
of human exposure to MPTP was in 1976 when a chem-
istry student self-administered a meperidine analogue he
was trying to synthesize. He apparently rushed the syn-
thesis, generating a batch contaminated with MPTP (47).
Despite the magnitude of this discovery, it did not gen-
erate considerable attention until the team led by Bill
Langston described a group of patients in Northern Cali-
fornia where seven heroin users were identified in emer-
gency rooms with signs and symptoms remarkably simi-
lar to PD (51,52). The events surrounding this discovery,
revealing how science met forensics, was detailed in the
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book The Case of the Frozen Addict (53). It is assumed
that synthesis errors similar to those made in 1976 were
responsible for a batch of synthetic meperidine contami-
nated with MPTP that got out onto the streets, affecting
a large cohort of patients.

MPTP is not the actual toxin, but rather a protoxin
that is catabolized to 1-methyl-4-phenyl-2,3-dihydropyr-
idinium (MPDP) within nondopaminergic cells by
MAO-B, after which it is oxidized to form 1-methyl-4-
phenyl-pyridinium (MPP+) (73), which, like 6-OHDA,
is an excellent substrate for the DA transporter (80).
Once inside the cell it accumulates in mitochondria
where it inhibits complex 1.

The use of MPTP to induce animal models of PD
gained wide popularity because it was known to produce
a syndrome in humans that resembled PD and because
of its ease of use (35,51,79,80). MPTP causes an acute
loss of DA neurons within the first 3 days after systemic
administration. After the initial reduction in DA cells
through 10 days, no further loss is seen unless exposure
is continued, and in some cases there is a recovery of
initially lost DA neurons (1,39,61,83,94). Animals treated
with MPTP exhibit many of the characteristics of PD
including similar behavioral abnormalities (Table 2).
However, MPTP animals have not been evaluated for
peripheral characteristics, they do not show formation of
inclusion bodies, and, most importantly, they do not ex-
hibit progressive loss.

PESTICIDES AND HERBICIDES
AND PD ANIMAL MODELS

Exposure to pesticides and herbicides has long been
suggested as a risk factor for PD. The initial discovery
by Langston of MPTP (51-53) laid the groundwork for
what eventually became known as the environmental hy-
pothesis of PD. This hypothesis has been reinforced by
numerous subsequent reports suggesting that environ-
mental agents produce DA neuron loss in animals. Thus,
rotenone (6,87), paraquat (3,20,57,58), the fungicide
maneb (90,91), and dieldrin (48,84) have all been shown
to produce DA neuron loss in animals. Some of these
toxins have even been associated with PD in patients
(32,63) while Corrigan and colleagues detected levels of
dieldrin in the brains of PD patients (21).

The major attraction of these models is their potential
as a naturally occurring animal model of PD. Because
humans are exposed to them through the environment,
it is easy to assume that they could contribute to PD.
However, only rotenone is found naturally while the oth-
ers are synthetic. These studies can be criticized because
one is hard-pressed to determine how synthetic mole-
cules could have contributed to PD development prior
to the 20th century. It is important to recognize, how-
ever, that numerous substituted pyridinium compounds
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with structures similar to MPTP and paraquat are found
in nature (64,65).

These DA toxins produce many of the characteristics
of PD (Table 2). Rotenone in particular was the first
toxin to produce a Lewy-like body. In addition, DA neu-
ron loss, the biochemical characteristics in the striatum,
along with inflammation and locomotor alterations have
been well studied in many of these models. However,
the involvement of other areas of the brain and periph-
eral changes have not been assessed and, again, progres-
sive DA neuron loss has not been seen.

THE PRENATAL LPS MODEL

In 2001, we inadvertently stumbled onto a new ani-
mal model of PD. We discovered that exposing gravid
female rats to the bacteriotoxin lipopolysaccharide
(LPS) during a critical window of vulnerability led to
the birth of her offspring with fewer than normal DA
neurons (55). These animals exhibit numerous character-
istics of PD including all the inflammatory measures,
behavioral changes, and inclusion bodies (15,54,56).
These animals also show alterations in striatal serotonin
(unpublished observation) and loss of cell bodies in the
LC (72). We have not yet evaluated peripheral changes
in these animals, and life-long studies just completed
show only minor progressive losses of DA neurons (un-
published observation). One of the appealing elements
of this model is the fact that the low doses of LPS used
to generate the model are similar to those seen in preg-
nant women with bacterial vaginosis (15). Thus, individ-
uals born to a mother with bacterial vaginosis during the
first trimester would be naturally exposed to LPS, rais-
ing the possibility that this risk factor occurs naturally.

THE GENETIC MODELS OF PD

Although numerous reports of PD running in families
led to linkage studies and a search for a genetic basis of
so-called familial PD, it was the report by Polymero-
poulos and colleagues that generated a dramatic change
in the animal model of PD literature (77). Their discov-
ery that a mutation in the gene encoding the protein
alpha-synuclein led to a veritable explosion of studies
looking for other familial genetic defects and their ex-
pression in animal models (67). Because alpha-synuclein
was present in Lewy bodies, and no animal model up to
that time had shown the formation of inclusion bodies,
genetic alterations raised the specter that the widespread
belief that environmental toxins caused PD were mis-
guided. As important as this observation was, it soon
became clear that the vast majority of PD patients did
not exhibit these gene defects, forcing the Parkinson
community to again look for alternative hypotheses.
These findings did lead many investigators to study gene
mutations similar to those in patients in animals. To
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date, however, only overexpression of human alpha-
synuclein or its mutated form has produced any type of
significant DA neuron loss (49,93). Regardless, studies
in Drosophila (30) and Caenorhabditis elegans (70)
have contributed significantly to our understanding of
the role genes play in PD. In particular, the original
study by Polymeropoulos and colleagues and those that
followed have pointed to a role for abnormal proteoso-
mal processing in familial PD (89), and the possibility
that protein toxicity underlies the pathogenesis of all PD
should be considered.

PROGRESSION IN PD

As of this writing, there are 7786 published studies
that use animals to study PD (Fig. 1) and these studies
focus almost exclusively on inducing or preventing DA
neuron loss during, or immediately following, an acute
toxin exposure (Fig. 2). As originally conceptualized by
Donald Calne and Bill Langston, the so-called Calne-
Langston hypothesis asserts that an environmental toxin
kills off a percentage of DA neurons and then the nor-
mal age-related decline of DA neurons eventually brings
the patient to the symptom threshold (12). Today we
know that the pattern of DA neuron loss produced by
aging is primarily homogeneous throughout the mid-
brain and inconsistent with the loss of DA neurons in
the lateral SN and its ventral tier that characterizes the
PD brain (31). This brings into question the possibility
that normal age-related DA neuron loss, by itself, could
lead to PD, although it is possible that a toxin that pro-
duces this pattern of loss together with normal aging
could create such a pattern. In addition, it is now pre-
sumed that the rate of DA neuron loss in PD patients is
not linear as depicted by Calne and Langston, but rather
exponential (Fig. 3) with the start of the cell loss esti-
mated at approximately 7 years prior to symptom ex-
pression (68). Thus, although 6-OHDA, MPTP, rote-
none, paraquat, and the endotoxin LPS produce PD-like
characteristics, these toxins fail to produce progressive
DA neuron loss. So even though these animal models
have lent considerable insight into the causes of DA
neuron death, they have done little to help us understand
the progressive DA neuron loss that characterizes PD,
which, in the final analysis, is largely responsible for the
debilitating aspects of this neurodegenerative disease.
This not only questions the role of inflammation in PD,
but also fails to support the widely held assertion that
PD is, in part, a consequence of environmental toxins.

There have been but a few attempts to produce pro-
gression in models of PD. Bezard and colleagues admin-
istered MPTP chronically (0.2 mg/kg, IV) for approxi-
mately 15 days to cynomolgus monkeys (8). These
animals reached full parkinsonism at day 22, and when
challenged with levodopa, motor abnormalities were al-
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Figure 1. A time graph of animal studies (7786 citations). The major contributions leading to the
animal models we use today are written within the article; here the contributors are listed chrono-
logically. The number of published reports, across time, using animals to study PD is depicted in
the graph.

Calne-Langston Hypothesis

Rapid depletion of DA neurons,
after exposure to one risk factor
(one hit)

PD Symptom Threshold

Percent Normal DA Content

AGE (years)

Figure 2. Illustration of the Calne-Langston hypothesis. The diagram depicts the most commonly
thought explanation for idiopathic PD. During human life span there is a normal gradual decrease
in DA neurons (solid black line). However, in PD after the exposure to one risk factor an acute
rapid decrease followed by the progressive loss of DA neurons throughout the remainder of life is
seen (solid gray line). This loss continues, mostly goes unnoticed, until the DA cells loss reaches
the threshold where PD symptoms are realized. The majority of research, thus far, on PD focuses
on the period of rapid loss for DA neurons (oval black circle), and the current animal models using
one risk factor (one hit) mimic this scenario.
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Figure 3. Illustration of the “multiple hit hypothesis.” In this model, we suggest that more than
multiple risk factors (multiple hits) may be necessary to create the progressive loss of DA neurons.
Again, there is the normal DA neuron loss that occurs during aging (solid gray line). However, in
this model the first hit (a risk factor) may come before birth. Such would be the case for either a
prenatal infection (dashed black arrow) or a genetic mutation. When the first hit occurs before
birth there is more than likely a deficiency in the dopaminergic system upon birth or a yet identi-
fied deficiency, thus creating an underlying susceptibility to a second hit or risk factor (e.g., we
have shown that rats prenatally exposed to LPS are born with few DA neurons and an altered
innate immune system, making them more susceptible to a second hit). Alternatively, the first hit
may occur later in life (solid black arrow) in which there is a substantial decrease in DA neurons
that compromises the dopaminergic system, but does not reach threshold. Therefore, the second
hit (black arrowhead) results in another acute loss of DA neurons followed by the progressive loss.
The continuation of the progressive loss may be a linear loss (solid black line), as suggested by
Calne and Langston, or exponential in which a greater number of DA neurons (dotted curve) are

lost before reaching threshold.

leviated. No recovery was noted throughout the study.
Although there was a substantial loss of DA neurons
(90% depletion) in the SNc, this measure was only ob-
tained at the end of the experiment (2 months after the
first injection). The authors suggested progression oc-
curred in this model because of the gradual onset of mo-
tor deficits during the presymptomatic period. This
could be true for onset of behavioral deficits, but for
progression in the loss of DA neurons, cell depletion
would need to be determined at several times after treat-
ment initiation.

Bezard et al. investigated progressive DA neuron loss
in mice given a chronic low dose of MPTP in which
they delivered 4 mg/kg, IP, of MPTP for 20 days and
assessed the brains at various times. The authors re-
ported two phases of DA cell loss. First, there was a
significant, rapid reduction of DA neurons that started
on day 2 and continued through the 14th injection, while
a second phase continued from day 15 to 20 (the last
day of the injection), stabilizing thereafter (7). The main

problem in this study was the continued presence of the
DA neurotoxin. Unless we assume that the patient is
being continuously exposed to the toxin, it was clear
that progressive DA neuron loss did not continue after
completion of the exposure. Another study by Brownell
et al. also looked at low-dose, intermittent (every other
week) chronic MPTP exposure in monkeys. These ani-
mals exhibited progressive loss of DA signal in the stria-
tum through 18 months of continued treatment. How-
ever, these animals continued to exhibit further losses
for 6 months following discontinuation of MPTP treat-
ment and were stable thereafter (11). This suggests that
long-term continuous exposure can lead to some pro-
gression after discontinuation of treatment. However,
this model does not reveal the exponential DA neuron
loss that seems to occur in PD patients.

One additional study used a combination of MPTP
and probenecid, a drug used to remove excess uric acid,
in which the neurotoxicity was enhanced by reducing
MPTP and its metabolites from clearing the kidney and
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brain (76). MPTP (25 mg/kg, SC) and probenecid (250
mg/kg, IP) were coadministered twice a week for 5
weeks to mice. Animals were assessed at various times
after the last injection up to 24 weeks. Initially there was
a loss of DA neurons; however, by 6 months there was
partial recovery of DA neurons. In PD progressive loss
of DA neurons continues until the end of life; therefore
this model does not reflect true progression.

Taken together, the studies by Bezard and Brownell
imply that continuous exposure may produce a form of
progressive DA neuron loss. However, the implication
is either continuous or long-term exposure to the toxin.
Although this is possible given that well water contami-
nated with insecticides and herbicides is implicated in
PD (33), it seems unlikely in most cases of idiopathic
PD. Alternatively, acute or short-term exposure to a DA
neurotoxin could kill DA neurons, leading to the forma-
tion of endogenous toxins such as salsolinol (59). How-
ever, this also seems unlikely because the traditional
toxins MPTP or 6-OHDA, alone, which would also be
expected to produce substituted quinines, do not produce
progressive loss. Acute exposure to epoxomicin, or its
synthetic analog, is touted as producing progressive DA
neuron loss following discontinuation of exposure. How-
ever, the animals were only studied for 6 weeks (62),
which is not nearly enough time to determine progres-
sion, and there have been significant problems with the
reproducibility of the study (60). Indeed, studies of acute
toxin exposure reveal partial recovery of the initial DA
cell loss (1,39,61,83,94). Recovery from cell loss sug-
gests that acute toxin exposure suppressed the DA phe-
notype (usually assessed by immunocytochemically
staining for tyrosine hydroxylase) followed by reinstate-
ment of function through several unknown compensa-
tory processes. Thus, data demonstrating progressive
DA neuron loss following a single toxin exposure are
rare in the literature. This raises the question: are inves-
tigators simply not studying the phenomenon or does
exposure to a neurotoxin not produce progressive DA
neuron loss?

THE MULTIPLE HIT HYPOTHESIS OF PD

The sequential or simultaneous interaction of more
than one PD risk factor (more than one hit) is embodied
in the multiple hit hypothesis of PD (Fig. 3). This hy-
pothesis argues that multiple risk factors, including ge-
netic predisposition, toxin exposure, aging, and poten-
tially other unknown factors, interact to produce PD. We
have known for more than two decades that the nigro-
striatal DA system possesses a host of compensatory
mechanisms that maintain normal motor function de-
spite significant losses of DA neurons in the SN (13).
These same compensatory mechanisms likely overcome
the effects of a single administered toxin or genetic de-
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fect in animals. Conceptually, if a DA neuron were in-
sulted by more than one toxin acting through different
mechanisms, the range of possible compensatory mecha-
nisms would be reduced, potentially leading to a pro-
gressive DA cell loss. Cory-Schlecta suggested that
when there are multiple risk factors, the system can no
longer “homeostatically reregulate itself,” thus leading
to damage (22,23). We have been testing the concept in
the prenatal LPS animal model.

In two similar studies we challenged prenatal LPS
animals with 60HDA (56) or rotenone (54). Prenatal
LPS or saline was delivered at embryonic day 10.5. 6-
OHDA (150 pg, ICV) or vehicle was administered at 2
months and rotenone or vehicle was administered (intra-
carotid) at 15 months. In both studies, the rats were sac-
rificed 2 months following the adult toxin exposure. In
the 6-OHDA study, a clear additive loss of DA neurons
was seen. However, in the rotenone study, interaction of
prenatal LPS and postnatal rotenone produce a highly
significant synergistic DA cell loss. This finding is remi-
niscent of the “silent toxicity” described by Thiruchel-
vam et al., where they observed a synergistic DA cell
loss in response to paraquat after 6 months in animals
that had been exposed to maneb perinatally (92). The
prenatal LPS study with rotenone and the study with
paraquat and maneb suggest that compensatory pro-
cesses are more compromised following multiple expo-
sures to DA neurotoxins.

We have also recently shown that prenatal LPS ani-
mals exposed at 7 months to 14 days of supranigral LPS
infusion (20 EU/h, total delivered dose estimated at
6720 EU), exhibited progressive DA neuron loss (16).
LPS infusion killed an equivalent number of DA neu-
rons on the ipsilateral side of the SN in both the LPS
and saline prenatal groups at day 14. However, the pre-
natal LPS animals infused with LPS continued to exhibit
further DA neuron loss over the 84-day course of the
experiment, whereas the prenatal saline and LPS-infused
animals did not. These data suggests that multiple hits
with the same toxin can produce progressive DA neuron
loss.

In a second study, we challenged controls and ani-
mals treated with LPS prenatally with 6-OHDA at 2
months and evaluated one half of them at 4 months and
the other half at 17 months (16). The control animals
(SAL/SAL) showed slight age-related reductions in DA
cell counts over their lives. 6-OHDA-challenged saline
animals exhibited a 29% DA neuron loss at 4 months
and only exhibited a 2% DA neuron loss in the next 13
months. In contrast, prenatal LPS animals challenged
with 6-OHDA at 2 months exhibited a 20% DA neuron
loss at 4 months with significant progression of DA cell
loss over the next 13 months. Thus, the LPS/6-OHDA
animals sacrificed at 17 months had DA neuron counts
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that were only 44% of normal, revealing an additional
12% loss from baseline at 4 months. These data suggest
that multiple hits with different toxins (i.e., prenatal LPS
and postnatal 6-OHDA) are associated with progression.
These progressive losses in the two models may have
been more pronounced had we extended the protocols
until the animals were older, given that compensatory
processes are markedly attenuated in aged animals (19).

In another series of studies, Cory-Schlecta and col-
leagues showed results similar to ours using different
combinations of DA toxins. Mice were administered 10
mg/kg of the herbicide paraquat, 30 mg/kg of the fungi-
cide maneb, or both twice a week for 3 weeks and DA
neurons were assessed at 6 weeks and 5 and 18 months.
The combination of paraquat and maneb produced
greater DA cell loss across time than their age-matched
controls, and more than the paraquat-alone-treated mice.
The paraquat- and maneb-treated groups showed pro-
gressive DA neuron loss (91). In a second study, maneb
was administered during gestational days 10-17 at 1
mg/kg, SC, and pups were then challenged at 7-8 weeks
of age with 5 mg/kg of paraquat or 30 mg/kg maneb
daily for 8 days. The animals were assessed after an
additional 7 days (week 9). Only the male mice prena-
tally treated with maneb and postnatally treated with
paraquat showed significant reductions in locomotor ac-
tivity at 9 weeks as well as reduction in levels of DA
and DOPAC. Moreover only the male mice showed sig-
nificant loss of DA neurons in the SN (4). In a final
study, the results showed mice overexpressing the dou-
ble-mutant form of human alpha-synuclein exhibited
synergistic DA neuron losses following exposure to
paraquat and maneb. They concluded that overexpres-
sion of human alpha-synuclein had adverse effects on
DA neurons and that due to the interaction of the human
alpha-synuclein mutations, ageing, and exposure to pes-
ticides combined to produce greater cell loss than any
of the individual risk factors alone (93). These data sug-
gest that combining a genetic risk factor and environ-
mental toxin can also combine to produce at least syner-
gistic and perhaps progressive DA neuron loss consistent
with the multiple hit hypothesis.

SUMMARY

Despite the significant contribution animal models
have made to our understanding of PD, we still have a
long way to go. Research performed, to date, has been
highly dopamino-centric, focusing almost exclusively on
acute DA neuron losses and the mechanisms surround-
ing their death. Although these studies have aided the
development of new drugs, therapies, and treatments,
they have not focused on progressive DA neuron loss.
Therefore, from the patients’ perspective, we know very
little if anything about the mechanisms that produce this
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progressive loss, thus obviating our ability to develop
therapies that slow or stop progression. Recent studies
suggest that our focus on only one risk factor at a time
is misguided. Given this, and aside from the studies of
Brownell where a single toxin was administered numer-
ous times, no single hit study we are aware of has pro-
duced progression. In contrast, the synergistic losses
seen following multiple hits and our preliminary indica-
tion that multiple hits can produce progression argues
that multiple hits are necessary to produce progressive
loss of DA neurons. Understanding the mechanism(s)
responsible for these synergistic and progressive losses
may provide critical insight into the alteration in the
compensatory environment within the nigrostriatal sys-
tem. Moreover, logic dictates that humans are not just
exposed to single risk factor, but rather, combinations of
risk factors that occur at various times during their lives.
Developing animal models based on multiple hits seems
like the next logical step in the evolution of animal mod-
els for PD.
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ABSTRACT

The most reliable and robust risk factor for some neurodegenerative diseases is aging. It has
been proposed that processes of aging are associated with the generation of reactive oxygen
species and a disturbance of glutathione homeostasis in the brain. Yet, aged animals have
rarely been used to model the diseases that are considered to be age-related such as
Parkinson's or Alzheimer's disease. This suggests that the results from these studies would
be more valuable if aged animals were used. The present study was designed to provide
insight into the glutathione redox state in young and aged rat siblings of both genders by
studying the enzyme activities related to glutathione synthesis, cycling, and usage. The
results suggested a significant age-related reduction of reduced glutathione (GSH) level in all
brain regions examined, associated with an increase of GSH oxidation to glutathione
disulfide (GSSG) and decrease of the GSH/GSSG ratio. These changes were accompanied by
diminished y-glutamylcysteine synthetase activity in de novo glutathione synthesis and
increased lipid peroxidation. In addition, these changes were associated with increased
enzyme activities related to the GSH usage (glutathione peroxidase, y-glutamyl
transpeptidase, and glutathione S-transferase). The results indicate that aged animals are
likely more vulnerable to oxidative stress and insinuate the roles of aged animals in
modeling age-related neurodegeneration diseases.
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1. Introduction

Oxidative stress, an unavoidable consequence in the metab-
olism of oxygen in aerobic cells, is a major factor in the aging
process and in the course of many chronic diseases associated
with aging (Ames et al., 1993). There is substantial evidence
that agingis one of the most robust and significant risk factors
for age-related neurodegenerative diseases, such as Parkin-
son's disease (Olanow and Tatton, 1999). In study of such
diseases, however, young animals, which do not display
characteristics found in the central nervous system of older
animals, are often used to model the age-related diseases (Vu
et al.,, 2000; Brown et al., 2005; Ossowska et al., 2005).

Aging-related changes in the brain include reduction of
trophic supports (Ling et al.,, 2000; Sortwell et al.,, 2001),
decreased proteasomal enzyme activities (Gray et al., 2003;
Zeng et al., 2005), mitochondrial dysfunction (Hampton, 2005),
change into more pro-inflammatory environment (Gayle et al.,
1999), and, more importantly, aging is associated with an
increase in reactive oxygen species (ROS) (Ames et al., 1993).

Glutathione (GSH) is the most abundant non-protein thiol
that buffers ROS in the brain tissue (Dringen et al., 2000). It
eliminates H,0, and organic peroxides by glutathione peroxides
(GPx) (Meister, 1988). GSH also transports amino acids across the
cellular membrane by the y-glutamyl cycle and detoxifies foreign
agents by glutathione S-transferase (GST) (Meister, 1988). Normal
levels of glutathione are maintained by de novo glutathione
synthesis and the salvage pathway. GSH is comprised of three
amino acids, glutamate, cysteine, and glycine. The first enzyme
in de novo synthesis is y-glutamylcysteine synthetase (GCS) that
catalyzes glutamate and cysteine to form y-glutamylcysteine. y-
Glutamylcysteine and glycine form GSH by second enzyme
glutathione synthatase (GS). During detoxification, ROS are
reduced by GPx at the expense of GSH to form glutathione
disulfide (GSSG). GSH is regenerated by redox recycling, in which
GSSG is reduced to GSH by glutathione reductase (GR) with a
consumption of one NADPH. During transportation of amino
acids into mammalian cells, one GSH is lost for each amino
acid transported, but it can be restored by the salvage path-
ways including recovery of cysteine and de novo GSH synthesis.
These salvage pathways maintain homeostasis of glutathione
system (Griffith et al., 1978; Dickinson and Forman, 2002).

The aims of the present study were to define the levels of
glutathione (GSH and GSSG) and GSH-related enzymes activ-
ities of aged rats in both genders and compare them with
those found in young littermates. The results reveal relatively
complete view of glutathione system in conjunction with lipid
peroxidation and provide useful information for those who
may use aged rats to study neurodegenerative diseases such
as Parkinson's disease. Our findings also highlight the role of
GCS in maintaining GSH homeostasis in the rat brain.

2. Results
2.1. Age-related changes in GSH and GSSG in rat brain

To gauge glutathione levels in the brain, GSH and GSSG were
determined in the frontal cortex, striatum, midbrain, and

cerebellum. Overall, aging caused GSH reduction in all brain
regions examined (F; 76 = 93.34, P < 0.001). These age-related
changes in GSH level equally occurred in both genders
(F1,76 = 0.12, P = 0.73). As shown in Fig. 1A, in the midbrain of
aged male rats, there was a 25 + 4% decrease in GSH level when
compared with the young rats (P < 0.01). GSH was also reduced
in three other regions in both genders when compared with
the young rats (Fig. 1A).
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Fig. 1 - The levels of reduced glutathione (GSH), glutathione
disulfide (GSSG), and GSH/GSSG ratio in rat regional brain
tissues. GSH and GSSG were measured in cortex, striatum,
midbrain, and cerebellum of male and female rats at 4 and
17 months of age. (A) GSH, (B) GSSG, and (C) ratio of GSH over
GSSG. Data are the means + SEM from 5 animals in each
group. *P < 0.05, **P < 0.01 compared with the corresponding
young group.
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Fig. 2 - The levels of lipid peroxide (LPO) in rat brain tissues.
LPO was measured in cortex, striatum, midbrain, and
cerebellum of male and female rats at4 and 17 months of age.
Data are the means + SEM from 5 animals in each group.
**P < 0.01 compared with the corresponding young group.

When GSH is oxidized by GPx to form GSSG, GSSG level is
increased, and the GSH/GSSG ratio is proportionately de-
creased. As shown in Figs. 1B and C, there was a significant
increase in the GSSG level and a decrease in the GSH/GSSG
ratio in aged rat brains compared with the young brains in all

regions examined (P < 0.05). In particular, there was a 20% to
35% decline in the GSH/GSSG ratio in aged animals compared
with the young rats. As was true for GSH, the age effects on
GSSG level and GSH/GSSG ratio were equivalent in both
genders.

2.2.  Age-related changes of lipid peroxide (LPO) in rat
brain

To evaluate the possible consequences of oxidative stress in
the brain, lipid peroxide was measured in different regions of
brain. As shown in Fig. 2, there were significant increases in
LPO production in cortex (male 64 + 9% and female 51 + 8%),
striatum (male 61 + 8% and female 44 + 9%), midbrain (male
61 + 9% and female 44 + 8%), and cerebellum (male 64 + 11%
and female 51 + 6%) compared with the respective regions in
youngrats (P <0.01). In addition, two-way ANOVA showed that
the effect of age on LPO was independent of gender in all
regions examined (F; 76 = 0.38, P = 0.59).

2.3.  Age-related changes in de novo GSH synthesis and
GCS protein expression in rat brain

To determine whether GCS or GS was affected by age, GCS and
GS activities were measured in the brain tissues. Overall, aging
caused an increase in GCS activity in all brain regions
examined (F; 6 = 117.55, P < 0.001). However, as summarized

Table 1 - Summary of enzyme activities related to glutathione metabolism in rat brain

Enzyme Gender Age (month) Cortex Striatum Midbrain Cerebellum
GCSs M 4 0.78 + 0.05 0.78 + 0.03 0.93 + 0.06 0.95 + 0.04
17 0.63 + 0.05* 0.70 + 0.04* 0.65 + 0.03** 0.79 + 0.04™
F 4 0.81 + 0.04 0.87 + 0.06 0.96 + 0.06 0.92 + 0.04
17 0.65 + 0.05™* 0.60 + 0.02** 0.73 + 0.05** 0.75 + 0.04™
GS M 4 0.62 + 0.02 0.71 + 0.07 0.68 + 0.04 0.63 + 0.07
17 0.56 + 0.03 0.63 + 0.05 0.61 + 0.05 0.65 + 0.02
F 4 0.68 + 0.04 0.76 + 0.04 0.86 + 0.05 0.70 + 0.04
17 0.55 + 0.08 0.68 + 0.02 0.71 + 0.05* 0.65 + 0.03
GR M 4 4.86 + 0.33 4.48 + 0.55 4.14 + 0.32 3.76 + 0.34
17 5.96 + 0.23** 5.92 + 0.19* 6.12 + 0.53** 5.20 + 0.45**
F 4 411+ 044 3.91 + 0.46 3.75 +0.23 3.89 + 0.52
17 4.90 + 0.20* 5.36 + 0.30 6.36 + 0.39"4 5.45 +0.22
GPx M 4 7.51 £ 0.62 7.70 £ 0.63 8.27 + 0.46 7.70 £ 0.57
17 9.41 £ 0.82* 10.10 + 0.12* 10.96 + 0.33* 9.31 + 0.94*
F 4 7.81 +0.14 6.11 + 0.24 8.87 + 1.00 7.95 + 0.50
17 8.78 £ 0.71* 10.20 + 0.21* 10.97 + 0.24*4 9.71 + 0.45*
v-GT M 4 0.52 + 0.06 0.75 = 0.06 0.65 + 0.04 0.66 + 0.10
17 0.86 + 0.08"* 1.15 + 0.15* 1.02 + 0.09** 0.97 + 0.05*
F 4 0.62 + 0.04 0.71 + 0.05 0.78 + 0.05 0.66 + 0.06
17 0.98 + 0.12** 1.16 + 0.09* 1.15 + 0.14** 1.07 + 0.04**
GST M 4 9.38 + 0.37 8.31 + 0.45 8.68 + 0.23 10.50 + 0.42
17 12.02 + 0.79** 10.90 + 0.52* 10.57 + 0.46™ 13.10 + 0.34**
F 4 9.00 + 0.43 7.59 +0.51 7.59 £ 0.51 8.70 + 0.58
17 10.70 £ 0.81* 9.96 + 0.25** 10.10 + 0.42** 10.41 + 0.75*1T

GCS: y-glutamylcysteine synthetase; GS: glutathione synthetase; GR: glutathione reductase; GPx: glutathione peroxidase; y-GT: y-glutamyl
transpeptidase; GST: glutathione S-transferase; M: male; F: female. All the enzyme activities are expressed as nmol/min/mg protein. Data are

means + SEM from 5 animals in each group.

* P <0.05, significant changes compared with the corresponding region in the same gender.
* P < 0.01, significant changes compared with the corresponding region in the same gender.
Tt P < 0.01, significant change compared with the corresponding region in opposite gender.

4 P < 0.05, significant changes compared with other brain regions in the same age/same gender.
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in Table 1, a pronounced decrease in GCS activity was
observed in the midbrain of rats at 17 months of age (by
30 + 7% in male and 21 + 5% in female, respectively.). In the
cortex, striatum, and cerebellum, the change was less
dramatic but still statistically significant (Table 1). The effect
of age on GCS activity was independent of gender in all regions
examined (Fy,76 = 0.82, P = 0.37). In contrast, there were no age-
or gender-associated changes in GS activity in rat brain except
in the midbrain of female rats with a significant decrease
relative to the midbrain of young females (P < 0.05).

Structurally, GCS is composed of heavy and light subunits
(GCS-HS and GCS-LS), which are dissociated under reducing
conditions and can be detected with specific antibodies (Yan
and Meister, 1990). Western blot and band density analysis
data showed that there were no significant changes of GCS-
HS protein amount among young and aged male and female
rats in the four regions examined (Figs. 3A, C). However, the
amount of GCS-LS was significantly decreased in all regions
of the aged animals compared with the young rats (P < 0.05),
although the changes were not the same across all regions
examined (Figs. 3B, D).

Overall, there was no significant difference between male
and female groups when region and gender were used as two
factors in the two-way ANOVA on GCS-LS. However, post hoc
analysis in one-way ANOVA indicated a male and female GCS-
LS difference in midbrain of 4-month-old animals. Similarly,

A GCS-HS

Gender M M F F

Age (month) 4 17 4 17
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Striatum S — — -—
Midbrain NG, GETEW. . STCRE
Cerebellum M
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% Of celebellum of male at 4 month
£
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Midbrain

Cortex Striatum

0O Male 4 month @ Male 17 month @ Female 4 month @ Female 17 month

there was a male and female GCS-LS difference in the striatum
of 17-month-old animals. These differences were not seen in
other regions suggesting regional effects. Pearson 2-tailed test
showed significant correlation between GCS activity and GCS-
LS protein levels (r* = 0.595, P < 0.01).

2.4.  Age-related changes in GR activity in rat brain

GR participates in glutathione redox cycling by converting
GSSG back to GSH. As summarized in Table 1, GR activity was
increased in both male or female aged brains compared with
the young male or female rat brains, respectively (P <0.05). The
most prominent increase in GR activity was seen in the
midbrain of the aged rats, although other regions also
displayed increases in GR activities (P < 0.05). In addition, the
effect of age on GR activity was independent of gender in all
regions examined (F; 76 = 0.96, P = 0.33).

2.5. Age-related changes of GPx, y-glutamyl
transpeptidase (v-GT), and GST activity in rat brain

GPx, v-GT, and GST are important GSH-using enzymes and
play important roles in maintaining GSH homeostasis and
tissue detoxification. As summarized in Table 1, all these
enzyme activities were significantly increased in both male or
female aged rat brains compared with the young animals in all

B GCS-LS
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Age (month) 4 17 4 17
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Striatum - PreS— “ —
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- ” - -

Cerebellum “ — A —

D GCS-LS
160
140
120
100

80
60
40

20

% Of celebellum of male at 4 month

Cortex Striatum Midbrain Cerebellum
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Fig. 3 - The subunits of y-glutamylcysteine synthetase (GCS) protein in rat brain tissues. Heavy subunit of GCS (GCS-HS) and
light subunit of GCS (GCS-LS) were immunoblotted for cortex, striatum, midbrain, and cerebellum of male and female rats at 4
and 17 months of age. A and B were representative Western blot images for GCS-HS (A) and GCS-LS (B). C (GCS-HS) and

D (GCS-LS) represent percent of optical density of immunoblot bands relative to the band density in cerebellum in male rat at
4 months of age. Data are the means + SEM from 5 animals in each group. *P < 0.05; **P < 0.01 compared with the corresponding

young group.
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brain regions examined (P < 0.05). However, GPx activity was
significantly higher in the midbrain compared with other
regions (P < 0.05). In addition, the effect of age on these enzyme
activities did not depend on gender in all regions examined.

3. Discussion

Increasing evidences suggest that the excessive production of
free radicals in brain, and the imbalance between oxidative
species and antioxidant defenses is related to aging and the
pathogenesis of neurodegenerative diseases (Schulz et al.,
2000; Kasapoglu and Ozben, 2001). Glutathione redox cycling is
an extremely important system in cellular free radical detoxi-
fication. Glutathione homeostasis is maintained by de novo
glutathione synthesis and redox cycling. In order to realize
how aging may alter this system, we measured reduced and
oxidized glutathione in multiple regions of brain, we also
assessed activities of those enzymes involved in de novo
glutathione synthesis, glutathione redox cycling, and gluta-
thione consumption in the same tissues. Thus, results of this
study firstly reveal a relatively complete view of glutathione
metabolism in young and aged rat brains of both genders,
which provides useful information for those who may use
aged rats to study neurodegenerative diseases, such as
Parkinson's disease.

3.1.  Age effects on GSH, GSSG, and GSH/GSSG ratio in rat
brain

GSH is present in the brain in millimolar concentrations
(Dringen et al., 2000). However, reports on the GSH level
among various brain areas are inconsistent (Chen et al., 1989;
Abbott et al., 1990; Hussain et al., 1995). In the present study,
GSH level was similar in all brain tissues examined (cortex,
striatum, midbrain, and cerebellum) regardless of genders.
This is in agreement with Liu's (2002) study, in which there
were no significant variations of GSH levels in cortex,
cerebellum, and hippocampus of 3-month-old Fisher 344
rats. However, Abbott et al. (1990) and Kang et al. (1999)
reported that the levels of GSH in 4-month-old mouse brain
varied from region to region with cortex > cerebellum >
hippocampus > striatum > substantia nigra. This discrepancy
could be due to the use of different species (rats versus mice)
or differences in animal housing or other environmental
conditions. In stressful conditions (Bottje et al., 1998) or in the
mild pathological conditions (Maher, 2005), animals may show
elevations in GSH levels in tissues or organs that are targets of
such insults. Nevertheless, our data suggests that GSH is
homogeneous across the midbrain, striatum, cortex, and
cerebellum in both male and female Sprague-Dawley rats
within the same age group.

An age-associated decline in GSH level has been reported in
the brain tissue of various species (Chen et al., 1989; Liu, 2002;
Kim et al., 2003), which are consistent overall with the findings
of current study. Increases in GSSG were significant in all four
brain regions of the aged rats. The decrease in GSH level and
increase in GSSG level in aged rats produces a significant
decrease in the GSH/GSSG ratio, which is often used to
indicate the redox state within the tissue (Dringen et al,,

2000; Lin et al., 2002; Samuele et al., 2005). In previous studies,
the ratios of GSH/GSSG spread from 7 to 200 (Lin et al., 2002;
Lipton et al., 2003; Samuele et al., 2005). The ratios in this study
(31 to 57) are clearly within this range. Among the factors that
may contribute to this range are strain of rat, age, tissue
preparation, and the methodology that was employed to
assess GSH and GSSG (Lin et al., 2002; Lipton et al., 2003;
Samuele et al.,, 2005). In the present study, the reduction in
GSH/GSSG ratio in aged rats suggested a deficiency in the aged
brains to detoxify the ROS, which normally occurs in the brain
(Dringen et al., 2000), or resulting from neurotoxin insults.

3.2. Lipid peroxidation in aged rat brain

Quantification of lipid peroxidation is widely used to indicate
oxidative injury in diseases (Porter et al., 1995; Halliwell, 1996).
We observed a significant increase in LPO production in the
brains of aged animals consistent with the recent report by
Subathra et al. (2005). Lipid peroxidation is a complex process,
and polyunsaturated fatty acids are readily susceptible to
autoxidation. The results of this study have led us to believe
that deficiency of non-protein thiol is an important, but not an
exclusive factor, in aging-related brain injury as indicated by
increases in LPO and GSSG productions.

3.3. Age effects on glutathione-related enzymes activities
in rat brain

The mechanisms underlying the age-related decline in the
GSH level are not well understood. It may result from the
reduction in de novo glutathione synthesis. We assessed two
de novo synthetic enzyme activities, GCS and GS. Significant
reductions in GCS but not in GS activities were observed.
Therefore, GCS is more likely responsible for the reduction in
GSH level. Recently, Liu and Choi (2000) reported that an age-
associated decline in GCS gene expression was accompanied
by a decline in total GSH level in aged rats. This suggests that
decrease in de novo GSH synthesis may be responsible for the
age-associated decrease in GSH content.

GCS catalyzes the first reaction in de novo GSH synthesis.
Mammalian GCS is a heterodimer consisting of a catalytic
heavy subunit (GCS-HS,73 kDa) and a regulatory light subunit
(GCS-LS, 31 kDa), which are encoded by different genes and are
dissociated under reducing conditions (Yan and Meister, 1990;
Huang et al., 1993). GCS-HS exhibits all of the catalytic activity
of the isolated enzyme (Seelig et al., 1984). GCS-LS is
enzymatically inactive but plays an important regulatory
function by lowering the Km of GCS for glutamate and raising
the Ki for GSH (Huang et al., 1993). Regulation of GCS-LS gene
expression appears to be critical for GSH homeostasis. Kang et
al. (1999) found that GCS activity is highly correlated with GCS-
LS mRNA levels in different brain regions. In addition, the
activity of GCS is also under post-translational regulation by
protein kinases. In 1996, Sun et al. (1996) first reported that
GCS was phosphorylated by protein kinase A (PKA), protein
kinase C (PKC), and Ca®*/calmodulin-dependent kinase (CMK).
This suggests that phosphorylation or dephosphorylation
may represent an important regulatory mechanism of GCS
activity. In the present study, protein analysis for the subunit
of GCS showed that there were no changes in the GCS-HS
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protein in aged rats compared with young rats. In contrast, a
reduction of GCS-LS protein in old rats was seen in all regions
observed, which is consistent with another report (Liu, 2002).
The fact that these two proteins are translated from two
distinct genes and regulated differently in various tissues
under physiological conditions (Gipp et al., 1995; Liu et al.,
1998) may explain why we observed a difference in transla-
tional levels between GCS-HS (no change in aged animals,
Figs. 3A, C) and GCS-LS (decreased in aged animals, Figs. 3B, D).

GR was found increased in midbrain particularly in the
midbrain of older animals. This is likely resulted from the fact
that midbrain contains high level of dopamine which is not
sequestered in synaptic vesicles, promoting a higher turnover
of dopamine which produces hydroxyl radicals, and hydrogen
peroxide. During aging, this turnover becomes more promi-
nent (Ling et al., 2000) which depletes more GSH to cause a
greater increase in GSSG, thus stimulating an increase in GR to
remove excess GSSG. However, whether increase in GR
activity reciprocally down-regulates GCS-LS activity in de
novo GSH synthesis is not clear. GSH is a product of both de
novo synthesis and glutathione redox cycling. GSH is a
nonallosteric feedback inhibitor of the GCS enzyme (Richman
and Meister, 1975). In the presence of thiols like GSH, the
disulfide bridge connecting the heavy and light subunits of
GCS heterodimer is reduced, leading to a conformational
change within the substrate-binding site of GCS-HS. The
relaxed substrate-binding site can accommodate tripeptides
like GSH with greater affinity, thereby inhibiting substrate
binding leading to decreased synthesis of GSH (Richman and
Meister, 1975). However, in the aged group, this did not seem
the case since GSH, as an inhibitor for GCS activity, was
reduced significantly regardless of an increase in GR activity.
This seems to support a view that GCS activity is indepen-
dently affected by aging process.

GSH is transported from the intracellular space to extra-
cellular space by glutathione transporter. Peroxides and other
oxidative species are disposed from cells through this
transporter. Such reactions result in a loss of GSH involving
the conversion of GSH to GSSG by GPx. GPx activity appears to
be increased in aged brain (Carrillo et al., 1992). In the present
study, GPx was significantly increased in all four brain regions
of aged rats compared to the young rats regardless of genders,
demonstrating an adaptive enzymatic alteration in the aged
rats secondary to the increase of oxidative stress, as evidenced
by the increase in LPO.

GST is another detoxification enzyme which catalyzes the
glutathione moiety to a great variety of acceptor molecules
including toxins, organic hydroperoxides, and lipid peroxides
to form conjugates. These conjugates are degraded in the -
glutamyl cycle. In one study, GST activity was 1.7-fold
increased in the brains of 9-month-old rats compared with
those of 5-week-old rats (Kim et al., 2003). In our current study,
GST was increased significantly in all brain regions examined
in aged male or female rats. Like the elevation of GPx activity,
GST is assumed to respond to aging as an adaptive mecha-
nism secondary to increases of oxidative stress.

v-GT initiates the degradation of extracellular GSH by
catalyzing the transfer of the y-glutamyl moiety from GSH
onto an acceptor molecule, usually an amino acid, to form v-
glutamyl-amino acid and cysteinlyglycine, which then is

broken down by dipeptidase to produce free cysteine for
reuse. Because of its degradative function, increases in y-GT
activity would theoretically lead to a decrease in GSH level. In
fact, Sian et al. (1994) have reported that the decrease in GSH in
the substantia nigra in Parkinson's disease was due to an
increase in y-GT activity. In the present study, the increase of
v-GT activity was 30 to 40% higher in aged animals relative to
the young animals regardless of brain region or gender,
suggesting an excessive degradative metabolism of GSH in
the aged brains.

3.4. Gender effect on glutathione metabolism in rat brain

The present study showed that the aged-associated changes
in GSH, GSSG, and GSH/GSSG ratio, as well as GSH-related
enzyme activities were gender-independent with an excep-
tion of GST in female cerebellum (Table 1). These findings
differed from a report by Wang et al. (2003), which showed that
male mice had a more dramatic age-associated change in GSH
level than did female mice. The discrepancy may be associ-
ated with the animal species (mouse vs. rat) and the subject
selection. In the present study, male and female pups were
siblings and only one male or female pup was allowed to be
assigned into an age group to avoid litter effects. In addition,
dividing siblings into young and aged groups also allowed
better comparisons cross two time points. This setting might
explain why there were no gender-associated variation in GSH
and GSH-related enzyme activities in the present study.

Another exception was the gender effect on GCS-LS protein
expression. Difference was seen only in midbrain (lower in
aged female group) and striatum (lower in aged male group).
These differences were not seen in other regions of both young
and aged groups suggesting regional effects. The mechanism
underlying such differences was not clear and warrants
further investigation. However, the differential post-transla-
tional regulation among regions may play a role (Sun et al.,
1996). The positive correlation between GCS-LS protein levels
(Fig. 3D) and GCS activity levels (Table 1) was in agreement
with a report by Kang et al. (1999) who found that GCS activity
is highly correlated with GCS-LS mRNA levels in different
brain regions.

In conclusion, data from this study indicated that the aging-
associated GSH decline was accompanied by an increase in
oxidative load in the aged rat brains. Data also demonstrated
that the age-associated GSH decline was due to both the
reduction of GCS-mediated de novo GSH synthesis and the
increase of consumption in aged brain. This study provides
invaluable data for modeling diseases with neurodegenerative
nature, especially age-related diseases such as PD.

4. Experimental procedures
4.1. Chemicals and reagents

2,3-Naphthalenedicarboxyaldehyde (NDA), GSH, vy-glutamyl-
cysteine, ATP, 5-sulfosalicylic acid (SSA), L-glutamic acid, L-
cysteine, L-serine, glycylglycine, protease inhibitor cocktail,
and other analytical grade reagents were purchased from
Sigma Chemical Co. (St. Louis, MO). y-Glutamyl-7-amino-4-
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methyl-coumarin (y-glutamyl-AMC) was from Bachem Biosci-
ence (Torrance, CA). AMC was from Anaspec (San Jose, CA).
Assay kits for GSH, GPx, GR, GST, and LPO were from Cayman
Chemical (Ann Arbor, MI). Rabbit anti-GCS-HS was from
Abcam Inc (Cambridge, MA), and rabbit GCS-LS was a generous
gift from Dr. Terrance J. Kavanagh (University of Washington
and Bristol-Myers Squibb Company, Seattle, Washington).

4.2. Animals

All animal protocols in the present study were approved by the
Institutional Animal Care and Utilization Committee (IACUC)
of Rush University and met the guidelines of the Council on
Accreditation of the Association for Assessment and Accred-
itation of Laboratory Animals Care (AAALAC).

Timed-gravid female Sprague-Dawley rats (Zivic-Miller,
Allison Park, PA) were purchased at embryonic day 9 (E9) and
maintained in an environmentally regulated animal facility.
Females were housed individually, and all pups were born
normally at E22. The offspring were weaned at postnatal day
21, and the dams were sacrificed. Only one male or female
from each of five litters was assigned to the 4- and 17-month
groups to avoid litter effect. After 4 and 17 months, the pups
were anesthetized using sodium pentobarbital (Sigma, 60 mg/
kg, i.p.) and perfused transcardially with ice-cold saline. The
brains were quickly removed and frozen in 2-methylbutane
and stored at -80 °C for less than 2 months for further
analyses.

4.3. Preparation of brain homogenates

The brains were dissected while still frozen as previously
described (Ling et al., 2004). The striatum, midbrain, frontal
cortex and cerebellum were isolated and weighted. The
tissues were homogenized with an ultrasonic dismembrator
(Biologics Inc, Gainesville, Virginia) for 12 rapid pulses in ice-
cold 0.1 M phosphate-buffered saline (PBS, pH 7.4) containing
0.1 mM EDTA. The homogenates were centrifuged at 14,000 x g
for 30 min at 4 °C, and the supernatants were collected for
different analyses. Protein concentrations were determined
using the Bio-Rad (Hercules, CA) DC protein assay kit using
bovine serum albumin as a standard.

4.4.  Measurement of GSH and GSSG

Reduced glutathione (GSH) and GSSG concentrations were
measured by a commercial kit supplied by Cayman Chemical.
This kit utilizes an optimized enzymatic GR recycling method
for quantification of GSH (Baker et al., 1990). Briefly, 100 pl of
brain homogenate was added to an equal volume of the
metaphosphoric acid and then centrifuged at 2000 x g for
2 min to remove protein. Then, 50 pl of 4 M triethanolamine
was added for each milliliter of homogenate to increase the
PH. For total GSH assay, 50 ul of sample was added to 150 pl of a
reaction mixture containing 0.4 M 2-(N-morpholino) ethane-
sulfonic acid, 0.1 M phosphate (pH 6.0), 2 mM EDTA, 0.24 mM
NADPH, 0.1 mM 5,5’-dithiobis-2-nitrobenzoic acid (DTNB), and
0.1 unit GR. The reaction was carried out at 37 °C for 25 min,
and then total glutathione was determined by absorbance at
412 nm using GSSG as standard. For the measurement of

GSSG, GSH was removed from the reaction by adding 10 ul of
1 M 2-vinylpyridine solution for each milliliter of homogenate.
Then, the remaining GSSG in the reaction was quantified as
total GSH assay. The amount of reduced GSH was obtained by
subtracting GSSG from total glutathione. Each sample was
assessed in duplicates, and the levels of GSH and GSSG were
expressed as pmol/g tissue. The ratio of GSH over GSSG was
used to indicate redox status that inferences the detoxification
capacity.

4.5. LPO measurement

Lipid peroxidation results in a formation of LPO that can
therefore be used to indicate the levels of lipid peroxidation in
tissue. LPO was quantified with the Cayman's LPO assay Kkit.
This kit measures hydroperoxides directly utilizing the redox
reactions with ferrous ions (Mihaljevic et al., 1996). Briefly,
100 pl of brain homogenate was added to an equal volume of
saturated methanol and 1 ml of cold chloroform. The mixture
was mixed thoroughly and then centrifuged at 2000 x g for
5 min to extract LPO into chloroform layer. Then, 500 pl of
chloroform extract was mixed with 450 pl of chloroform-
methanol solvent and 50 pl of freshly prepared chromogen
(containing 4.5 mM ferrous sulfate in 0.2 M hydrochloric acid)
in glass tube. Absorbance was measured at 500 nm after 5 min
incubation. The LPO levels in sample homogenates were
calculated with standard curve of LPO. Each homogenate was
assessed in duplicates, and LPO was expressed as nmol/g
tissue.

4.6. Enzyme activity assays

4.6.1. GCS and GS activity

Activity of GCS and GS were determined by a fluorescence-
based microtiter plate assay originally developed by White et
al. (2003) with little modification. Briefly, 50 pl of homogenate
was centrifuged in micro-tubes for 20 min at 4 °C at 12,000 x g
to remove endogenous GSH and other inhibitors (Liu et al,,
1998). Then, 0.3 ml of 0.1 M PBS was added, and then the
samples were centrifuged for another 20 min to wash and
concentrate the protein. Final concentrates were tested for
their protein content with Bio-Rad DC protein assay kit. For
GCS activity assay, 50 pl of sample was added to 50 pl of GCS
reaction cocktail containing 5 mM L-cysteine, 100 mM Tris,
10 mM ATP, 20 mM L-glutamic acid, 2 mM EDTA, 20 mM
sodium borate, 2 mM serine, and 40 mM MgCl, then was
incubated at 37 °C. The GCS reaction was initiated by addition
of 50 ul of 2 mM cysteine. For GS activity assay, L-glutamic acid
was substituted with 30 mM glycine, and L-cysteine was
substituted with 3 mM ~-glutamylcysteine (y-GC). After
incubation for 20 min, the GCS and GS reactions were stopped
by addition of 50 pl of 200 mM SSA. Following deproteination,
the supernatants were incubated with 180 pl of 10 mM NDA to
form NDA-y-GC and NDA-GSH. Then, NDA-y-GC or NDA-GSH
fluorescence intensity was measured (472 excitation/528
emission) on a fluorescence plate reader (Molecular Devices,
Menlo Park, CA). The production of y-GC and GSH was
calculated with standard curves for NDA-y-GC and NDA-
GSH. Each assay was performed in duplicate, and GCS and GS
activity were reported as nmol/min/mg protein.
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4.6.2. GPx activity

GPx activity was determined using a commercial kit
supplied by Cayman Chemical. In this assay system, the
oxidation of glutathione (GSH) was coupled to NADPH
oxidation by GR (Paglia and Valentine, 1967). Briefly, the
reaction mixture (200 pl) contained 20 ul of brain homog-
enate, 5.0 mM GSH, 0.1 mM NADPH, 50 mM Tris-HCl (pH
7.6), 5 mM EDTA, and 0.1 unit of GR. The reaction was
initiated by addition of 20 pl of 0.2 mM cumene hydroper-
oxide at room temperature. The decrease in absorbance at
340 nm was recorded at 60 s intervals for 6 min. The rate of
decrease in the absorbance is directly proportional to the
GPx activity in the sample. Each assay was performed in
duplicate, and enzyme units were recorded as nmol NADPH
oxidized/min/mg protein.

4.6.3. GR activity

GR activity was assayed spectrophotometrically by monitoring
the oxidation of NADPH to NADP" by GR at 340 nm with the
Cayman's GR assay kit at room temperature (Carlberg and
Mannervik, 1985). Briefly, the reaction mixture (200 pl) con-
tained 50 mM potassium phosphate (pH 7.5), 1 mM EDTA,
1 mM GSSG, and 0.1 mM NADPH. The reaction was initiated by
addition of 20 pl of brain homogenate. The decrease in absor-
bance at 340 nm was recorded at 60 s intervals for 6 min. Each
assay was performed in duplicate, and enzyme units were
recorded as nmol NADPH oxidized/min/mg protein.

4.6.4. GST activity

GSTs have been grouped into species-independent classes of
isozymes, including both cytosolic and microsomal enzymes
(Morgenstern et al., 1979; Mannervik, 1985). Three families of
cytosolic soluble GSTs, a (GSTA), u (GSTM), and w (GSTP), were
known in the brain (Theodore et al., 1985; Board et al., 1990).
Cayman's GST assay kit measured total GST activity (cytosolic
and microsomal) using 1-chloro-2,4-dinitrobenzene (CDNB) as
the substrate. Briefly, the reaction mixture (200 ul) contained
20 pl of brain homogenate, 100 mM potassium phosphate (pH
6.5),0.1% (v/v) Triton X-100, 5.0 mM reduced GSH. The reaction
was initiated by addition of 10 ul of 20 mM CDNB at room
temperature. The increase in absorbance at 340 nm was
recorded at 60 s intervals for 7 min. The rate of increase in the
absorbance is directly proportional to the GST activity in the
sample. Each assay was performed in duplicate, and enzyme
units were recorded as nmol/min/mg protein.

4.6.5. y-GT activity

v-GT activity was measured following the procedure of
Forman et al. (1995). Briefly, a 0.1 ml of brain homogenates
was added to 0.25 ml of a reaction mixture containing 50 mM
Tris-HCl (pH 7.6), pH 8.6, 20 mM glycylglycine, 20 pM -
glutamyl-7-amino-4-methyl-coumarin (y-glutamyl-AMC),
and 0.1% (v/v) Triton X-100. The reaction was carried out at
37 °C for 30 min and terminated by adding 1.5 ml cold 50 mM
glycine. The fluorescence was measured at 440 nm with
excitation wavelength of 370 nm. The enzyme activity,
represented by product formation, was calculated and com-
pared with a standard curve of AMC. Each assay was
performed in duplicate, and enzyme units were recorded as
nmol/min/mg protein.

4.7. Western blot for analysis of GCS protein

The GCS heavy subunit (GCS-HS) and light subunit (GCS-LS)
proteins were determined by Western blot as described by Liu
et al. (1998). Briefly, the homogenates were mixed with a
protease inhibitor cocktail, and then the samples were
prepared as described for GCS activity measurement. For
each sample, 30 ug of total protein was electrophoresed in 10%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) and
blotted onto a nitrocellulose membrane. After blocking with
milk, the membrane was incubated with a primary antibody to
GCS-HS or GCS-LS. Anti-GCS-HS polyclonal antibody was
diluted at 1:1000. Anti-GCS-LS polyclonal antibody was used
at 1:2000. Second antibodies to anti-GCS-HS or GCS LS were
conjugated with peroxidase. Films were exposed using
enhanced chemiluminescence. The X-ray film was scanned,
and the density of band was quantified using Scion Image
software (Scion Corporation, Frederick, MD). All band densities
were compared with that of cerebellum of male rat at 4
months old.

4.8. Statistical analyses

Data are expressed as mean = SEM. Differences among
groups and regions were analyzed by one-way analysis of
variance (ANOVA) followed by Tukey's method. Two-way
ANOVA was used to analyze interaction of gender and age.
Pearson 2-tailed test was used to detect correlation
between GCS activities and GCS protein levels. A probabil-
ity value of less than 0.05 was considered statistically
significant.
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Abstract

Following intraparenchymal injection of the dopamine (DA) neurotoxin 6-
hydroxydopamine, we previously demonstrated passage of fluoresceinisothiocyanate
labeled albumin (FITC-LA) from blood into the substantia nigra (SN) and striatum
suggesting damage to the blood-brain barrier (BBB). The factors contributing to the
BBB leakage could have included neuroinflammation, loss of DA neuron control of
barrier function or a combination of both In order to determine which factor(s) was
responsible, we assessed BBB integrity using the FITC-LA technique in wild-type (WT),
tumor necrosis factor apha (TNF-a) knockout (KO), and minocycline (aninhibitor of
microglia activation) treated mice 72 hrs following 1- methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). Compared withWT mice, TNF-a KO mice treated with
MPTP, showed reduced FITC-LA leakage, decreased numbers of activated microglia,
and reduced pro- inflammatory cytokines (TNF-a and interleukin 1 beta) associated with
significant MPTP-induced DA neuron loss. In contrast, minocycline treated animals did
not exhibit MPTP-induced DA neuron loss although their FITC-LA leskage, numbers of
activated microglia, and MPTP-induced cytokine increases were markedly attenuated.
Since both TNF-a KO and minocycline treatment attenuated MPTP-induced BBB
dysfunction microglia activationand cytokine increases, but had differential effects on
DA neuron loss, it appears that neuroinflammation and not DA neuron |oss was

responsible for disrupting barrier integrity.

Keywords: Parkinson’s disease; neuroinflammation; microglia; TNF-a; IL-1 (3

minocycline; endothelial cells.



Introduction

Parkinson’s disease (PD) is marked by the progressive loss of dopamine (DA)
neurons in the substantia nigra (SN) (Hastings and Zigmond, 1997). While the etiology of
PD remains unclear, both genetic factors and environmental toxins have been proposed in
its pathogenesis(L adeby et al., 2005;McGeer and McGeer, 2004). Regardless of the
underlying etiology, neuroinflammation is thought to contribute to the loss of DA
neurons seen in patients with PD (McGeer and McGeer, 2004;Ladeby et al., 2005).
Neuroinflammation is also present in trauma, stroke, multiple sclerosis, epilepsy and
bacterial meningitis (Mennicken et a., 1999;Phillis et a., 2006) in which damage to the
blood brain barrier (BBB) has been reported (Huber et a., 2001). More recent studies
point to microvascular changes in the SN and aterations in several markers of normal
BBB integrity in PD patients (Barcia et a., 2004;Faucheux et al., 1999;K ortekaas et al.,
2005). Whether actual changes in permeability, functionality, or physical damage of the
BBB occur in PD is currently unknown.

We recently demonstrated that the DA neurotoxin, 6-hydroxydopamine (6-
OHDA), compromised BBB integrity producing apparent leakage of both
fluorescei nisothiocyanate -1abeled albumin (FITC-LA) and horseradish peroxidase into
the SN and striatum. This leakage was accompanied by loss of DA neurons, activation of
microglia, up-regulation of p-glycoprotein and 3-integrin on the endothelial cells that
comprise the BBB, and attenuation of a DA-mediated behavior by domperidone, a DA
antagonist that normally does not cross the BBB (Carvey et al., 2005). Since
neuroinflammation including microglia activation and increased levels of
proinflammatory cytokines including tumor necrosis factor-alpha (TNF-a) are present in
patients with PD and in animal models of the disease (Aschner, 1998;Hirsch et a.,
2005;Nagatsu and Sawada, 2005) and both are well known to affect the integrity of the
BBB (Ryu and McLarnon, 2006;Tsao et al., 2001;Y enari et al., 2006) it is quite possible
that 6-OHDA-induced neuroinflammation was responsible for the breakdown in barrier
integrity. However, neurons containing biogenic amines are found in close proximity to
brain capillaries (Rennels and Nelson, 1975;DiCarlo, Jr. et al., 1984;Kapadia and de
Lanerolle, 1984), endothelial cells express both noradrenergic and serotoninergic
transporters (Wakayama et al., 2002) and receptors (Wakayama et al., 2002;K obayashi et



al., 1985), and stimulation of the locus coeruleus increases BBB permeability (Raichle et
al., 1975) suggesting that neurotrarsmitters may regulate BBB function as well. It is
therefore possible that the increased BBB |eakage we observed in rats treated with 6-
OHDA was the result of neuroinflammation, DA neuron loss, or a combination of both
We designed a set of experiments to determine the relative contribution of each to BBB
leskage.

Materials and methods

Animals

A total of 88 male mice, 8 weeks of age and weighing 22-25 g at the start of the
study were used. The TNF-a KO mice (B6;129S6- Tnf™ K3 n=22), WT background
control mice (B6;129S6; n=22), and C57BL/6 (n=44) mice were purchased from Jackson
Laboratory (Bar Harbor, ME). All mice were acclimated to the animal facility for at least
two weeks prior to the start of the study. One day prior to MPTP treatment, the mice were
moved to a controlled ventilated room and housed in ventilation chambersuntil sacrificed.
Mice were alowed free access to food and water for the duration of the study. The
protocols used in this study were approved by the Rush University Medical Center
Institutional Animal Care and Utilization Committee and were compliant with all
regulations at the institution, state, and federal levels. 1- methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-HCI (Sigma, St. Louis, MO) handling and safety measures
followed methods described by Przedborski et a. (Przedborski et al., 2001).

Sudy Design

Sudy One: TNF-aKO (n=22) and WT (n=22) mice were randomly assigned to
one of two groups (Saline or MPTP) for atotal of 4 groups designated as follows:
WT/Sa = WT mice treated with saline (n=10); WT/M PTP = WT mice treated with
MPTP (n=12); TNF-aKO/Sal = KO mice treated with saline (n=10); and TNF-a
KO/MPTP = KO mice treated with MPTP (n=12). TNF-a KO and WT mice were
injected (i.p.) with either saline or MPTP and sacrificed 72 hours later. MPTP-HCI
(10mg/kg freebase) was injected (i.p.) in a saline vehicle four times at 1-hour intervals for



atotal of 40mg/kg over a4 hour period. Saline treated mice followed the same injection
protocol. After their injections, the mice were returned to their home-chambers, and
sacrificed after 3 days.

Study Two: C57BL/6 mice received either saline or minocycline followed by
either MPTP or saine injection. Mice (n=44) were randomly divided into four groups
designated as follows: Sal/Sal = saline injections given in place of minocycline and
MPTP (n=10); Sal/MPTP = mice treated with saline in place of minocycline, but treated
with MPTP(n=12); Mino/Sal = mice treated with minocycline and given saline in place
of MPTP(n=10); and Mino/MPTP = mice treated with minocycline and MPTP (n=12).
Minocycline (90mg/kg per day, dissolved in 5% sucrose, Sigma, St. Louis, MO) was
injected (i.p) for 3 consecutive days, with the first minocycline injection administered 30
minutes prior to the first MPTP injectionand 24 hrs prior to sacrifice. MPTP-HCL
(10mg/kg per hour) was injected as described above.

In both studies, 5 mice from each treatment group were processed for
immunohistochemistry and 5 mice were processed for biochemical analysis. The
dependent measures in each study were identical and consisted of visualization of BBB
leakage throughout the brain, DA and microglia cell counts in the SN, and determination
of levels of TNF-a and IL-1b protein in the SN and striatum.

FITC-LA Leakage

Theleakage of FITC-LA (MW=69-70 KD, Sigma, St. Louis, MO) from
vasculature into brain parenchyma was assessed as described previously (Carvey et d.,
2005) to determine BBB integrity. Briefly, three days following the last MPTP or saline
injectiors, the mice were anesthetized with pentobarbital (60mg/kg). Heparin (100
units’kg in Hank’s Balanced Salt Solution) was injected intracardially followed
immediately by 5 ml FITC-LA [5Smg/ml, in 0.1 M Phosphate-buffered saline (PBS)
buffer] injected at arate of 1.5ml/minute with the right atrium open. After perfusion, the
brains were removed immediately and immersed into 4% paraformaldehyde. Three days
later, the fixative was replaced with three changes of 30% sucrosein 0.1 M PBS buffer.
Each brain was sectioned at 40 pm using a sliding microtome, divided into 6 consecutive

series, and stored in cryoprotectant (0.05 M PBS with 30% sucrose and 30% ethylene



glycol). One series of sections from each of the 5 mice from both studies were mounted
onto gelatin coated sides, dehydrated, and covered for confocal microscopy (Olympus)
analysisof FITC-LA leakage.

| mmunohistochemistry

A second series of brain sections from each animal in both studies was used for
tyrosine hydroxylase (TH, a DA neuron marker) immunohistochemistry as described
previously (Carvey et al., 2005). Briefly, sections were washed (6 x 10 minutes) in Tris
buffered saline (TBS, pH 7.4) and incubated for 1 h in 0.05% TBS Triton-X-100 solution.
Sections were then incubated 30 min in TBS solution with 2.13% sodium periodate to
block endogenous peroxidase activity, and then incubated for 1 h with 3 % normal goat
serum in TBS. Tissues were incubated overnight with the primary antibody to TH
(rabbit:anti- mouse, Chemicon, 1:1,000 dilution). Immunolabeling was continued using
biotinylated secondary antibody (goat:anti-rabbit, Vector Laboratories, 1:200) in TBS
with 3% goat serum and incubated for 1 hour at room temperature. The antibody complex
was amplified using an avidin-biotin kit (ABC-Elite kit; Vector) and visualized with 3,3’
—diaminobenzidine (DAB) with nickel enhancement.

A third series of sections from each animal of both studies was processed for CD11p
immunohistochemistry to reveal activated microglial cells. The procedure for CD11p
immunochemistry was similar to the THir staining except that the primary antibody to
CD11p originated in rat (Rat:anti- mouse CD11p 1:200; Serotec) and the second antibody
was goat:anti-rat 1gG (1:200; Vector Laboratories).

Sereological assessment of THir cell and activated microglia cell counts

The estimation of the total number of THir neurons and activated microgliain the
SN was performed using the computerized optical dissector method (MicroBrightField
software) as described previously (Vu et a., 2000). Briefly, a 10X objective lens was
used to define the contour around the entire SN (Ling et al., 2004) and a 100X lens was
used for the tyrosine hydroxylase immunoreactive cells (THir cells) and activated
microglia assessments. One series of sections from each animal were analyzed. For THir

and a second series for CD11p Staining, the total number (N) of THir or activated



microgliain the SN from each animal was estimated using the formulaN = NV ¢ VSN,
where NV isthe numerical density and VSN is the volume of the SN, as determined by

Cavalieri’sprinciple.

ELISA for determination of TNF-a and IL-113 concentration in the SN and striatum

Mice were anesthetized with 60mg/kg pentobarbital. The brains were removed
and immediately placed in cold 2- methylbutane, and then stored at -80°C. The TNF-a
and IL-113 levels were determined for both studies as previously described (Ling et al.,
2004). Briefly, brains were slightly thawed, the SNs and striata dissected out, then
submerged in ice-cold 150ul homogenate buffer (Trizma/HCI pH 7.2, 0.1 M, sodium
chloride 0.9%, protease inhibitor cocktail 1%), and sonicated. The homogenates were
centrifuged at 13,000 x g for 30 minute at 4°C. The concentrations of TNF-a and IL-113 in
the supernatants were determined using commercial ELISA kit (BioScour International,
Camarillo, CA). Standards diluent buffers or samples (100 pl) along with 50 pl
biotinylated anti- TNF-a solutions were pipetted into each well and then incubated for 2
hoursat 37°C. After washing, streptavidin- HRP working solution was incubated for 1
hour at room temperature. Following washing, stabilized chromogen was incubated for 1
hour and the reaction was stopped with stop solution. The plates were read in a Dynatech
ELISA plate reader (Dynatech Laboratories, Chanlity, VA) and the concentrations of the
TNF-a and IL-113 were determined against a seven-point standard curve. Thetotal
protein concentration of each homogenate was determined using the BCA protein assay

kit (Pierce, IL) and the quantity of TNF-a and IL-1(3 was expressed as pg/mg total protein.

Satistical analyses

All values were expressed as mean + S.E.M. Separate Two-way analysis of
variance (ANOVA) were used to analyze the THir and activated microglia counts along
with TNF-a and IL-1R level in both studies. TNF-a genotype and MPTP treatment were
both factors in the TNF-a KO study. In the study of minocycline treatment, the two
factors were minocycline and MPTP treatment. The least significant difference test (LSD)
was used as the post-hoc test to determine individual group differences with significance
setat p<0.05.



Results

MPTP increased FITC-LA leakage into the SN and striata

FITC-LA was injected into the common carotid artery 72 hours following treatment with
MPTP (atime at which active DA neurodegeneration was occurring (Sugamaet al.,
2003), and the brains were assessed using confocal microscopy to determine if this large
molecular weight marker (MW range = 69-70kD) entered brain parenchyma. FITC-LA
was confined exclusively to blood vesselsin the SN and striatum in the control animals
of both genotypes [WT/Sal (Fig. 1A,C); TNF-aKO/Sal (Fig. 1B,D)] and the C57 BL/6
minocycline study animals [Sal/Sal (Fig. 11,K); Mino/Sal (Fig. 1J,L)] indicating an intact
BBB. FITC-LA was aso confined within vessels in the mgjority of the area within the
SN and striata of MPTP-treated animals (Fig. 1E,G,M,0). However, al animals treated
with MPTP also exhibited numerous patchy areas of leakage in both structuresindicative
of disruption of barrier integrity. In some areas, individual vessels were not recognizable
because the leakage of the FITC-LA was so intense and wide spread. Interestingly, the
locations of the leaks were not the same in every animal, but varied considerably from
animal to animal. Moreover, the apparent magnitude of the leaks similarly varied from
animal to animal such that in both the SN and striatum, some animals had aress of
leakage in almost every section whereas in other animals, the number of leaks was
markedly less. Regardless, every control animal exposed to MPTP exhibited leakage in
some sections of the SN and striatum. The ability of MPTP to induce FITC-LA leakage
did not appear to differ between the wild types of the two genotypes.

If FITC-LA distribution reflects BBB integrity, then areas of the brain not
protected by the BBB should also reveal leakage. This was indeed the case. Thus,
examination of periventricular structures such as area postrema (Fig. 1S) revealed
extensive leakage into brain parenchymain all animals regardless of treatment. In
contrast, leakage was never detected in areas outside the nigro-striatal pathway or
periventricular organs in any animal regardless of treatment. Thus, in MPTP treated
animals, leakage was not seen in the parietal cortex (Fig. 1Q) or hippocampus (Fig. 1R)
even though leakage was detected in the SN, striata and periventricular structures of these
animals. This suggests that the perfusion pressure used to deliver the FITC-LA filled the



brain’s vascular conpartment completely without |eakage resulting fromexcess

perfusion pressure.

Both TNF-a KO and Minocycline attenuated BBB |eakage

In order to determine if inflammation and/or DA neuron loss was responsible for
the apparent BBB dysfunction, FITC-LA leakage was assessed in TNF-a KO animals as
well as animals treated with minocycline. MPTP treatment increases TNF-a (Nagatsu et
al., 2000) which could, in turn, disrupt BBB integrity given its well documented ability to
do so (Farkas et a., 2006;Miller et a., 2005;Wong et a., 2004). MPTP also activates
microglia (Sugama et al., 2003;Wu et al., 2002;Du et a., 2001;Orr et al., 2002) which
release TNF-a (Hirsch et al., 2005;Huang et al., 2005;Nagatsu et al., 2000) aswell asa
number of other proinflammatory mediators that could disrupt barrier integrity (e.g., free
radicals, (Abbott, 2000;Calingasan et a., 1998;Hirsch et al., 2005;Y enari et a., 2006).
Since minocycline prevents microglial activation (Du et al., 2001;Hirsch et al.,
2005;Zemke and Mgjid, 2004) by reducing ED-1 and other transcription factors involved
in inflammatory processes (Lai and Todd, 2006) and TNF-a KO prevents release of a key
proinflammatory cytokines implicated in barrier integrity, assessment of leakage in these
animals would enable us to assess the role of neuroinflammation on the barrier
dysfunctionproduced by MPTP. Of perhaps greater importance, however, is that TNF-a
KO and minocycline produce differential effects onMPTP-induced DA neuron lossin
the SN. Thus, TNF-a KO animals exhibit nigral DA neuron loss in response to MPTP
(Rousselet et al., 2002;Ferger et al., 2004), while minocycline treatment prevents MPTP-
induced DA neuron loss (Du et al., 2001; Tikka and Koistinaho, 2001). The use of these
two models would therefore enable us to ascertain the relative contributions of
neuroinflammation and DA neuron loss to the MPTP-induced BBB dysfunction.

FITC-LA leakages into the SNs and striata were markedly attenuated in both
TNF-a KO and minocycline treated animals following MPTP. Thus, in both the SN (Fig.
1F,N) and the striatum (Fig. 1H,P), few areas of FITC-LA leakage were observed, and in
many animals, no leakage at all was observed. Examination of the vesselsin these
animals revealed less distinct borders in many of the vessels suggesting a minor

compromise of barrier integrity. However, no areas of overt entry into brain parenchyma



were observed in the SNs or striata. These findings suggest that TNF-a and activated
microglia participate in MPTP-induced barrier dysfunction

Both TNF-a KO and minocycline reduced MPTP-induced inflammation

Although CDj1,- immunoreactive (ir) cells (a marker for microglial cells) were
detected in al animals, control animals exhibited only several hundred cells in their SNs
and striata, the vast mgority of which had small rounded cell bodies with few ramified
processes typical of resting microglia. In contrast, MPTP treatment not only significantly
increased the numbers of CD11p-ir céllsin both TNF-a KO (F116=60.317; p<0.001) and
minocycline treated animals (F1,16=62.762; p<0.001), but also induced dramatic changes
in their morphology as well, such that the vast majority of the cells had large cell bodies
with highly ramified processes typical of activated microglia (Fig. 2A,B). Stereological
assessments of the CDq-ir cell counts revealed that both TNF-a KO and minocycline
trestment significantly attenuated the numbers of activated microglia (Fig. 2C). Thus, in
the B6;129S6 mice, MPTP treatment increased the numbers of activated microglia 26
fold compared with WT/Sal (p<0.05), whereas the TNF-a KO /MPTP mice showed only
a 2.6 fold increase (p<0.05). Similarly, MPTP induced an 18 fold (p<0.05) increasein
numbers of CD1p-ir cells compared with saline treated C57 BL/6 controls whereas the
minocycline treated animals revealed only a 1.07 fold increase (p>0.05) (Fig. 2D). Thus,
both TNF-a KO and minocycline trestment markedly attenuated microglia activation as
well as FITC-LA leakage suggesting that microglia activation was associated with the
barrier dysfunction observed. Moreover, assessment of CD11p-ir cells in the patches of
FITC-LA leakage reveaed the almost universal presence of activated microglia (Fig. 3)
further supporting their involvement in BBB dysfunction.

In addition to microglia, we also assessed the proinflammatory cytokines TNFa
and interleukin 1 b (IL-1b) inthese animals (Table1). As expected, TNF-a signal was not
detectable in any tissue sample taken from TNF-a KO mice whereas both WT saline
treated animals exhibited similar levels of TNF-a in the SNs and striata. MPTP treat ment
consistently increased levels of TNF-a in both the SNs (F1 §=6.474, p<0.05) and striata
(F1,86=20.215, p<0.05) of WT/MPTP mice, compared withWT/Sal. Similar increases
were seen in the C57 BL/6 animals treated with MPTP in both the SNs (F1,16=12.611;
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p<0.05) and striata (F1,16=14.162; p<0.05). However, these increases were significantly
attenuated by minocycline treatment in both the SN (F1, 16=15.433; p<0.05) and the
striatum (F1,16=18.119; p<0.05).

Similar findings were seen for IL-1b (Tablel). Normal levels of IL-13 were seen
in both the SNs and striata of the WT, TNF-a KO mice, and C57 BL/6 animals. MPTP
treatment consistently increased levels of I1L-113 in both the SN (F1,16=12.683, p<0.05)
and striatum (F1,16=50.098, p<0.05) of WT/MPTP mice. TNF-a KO attenuated the
release of IL-1M3 in the striatum (F1 16=15.731, p<0.05) but not in the SN (F3,16=1.859,
p>0.05). Similar increases of IL-13 were seen in the C57 BL/6 animals treated with
MPTP in both the SN (F1,16=22.283, p<0.05) and striatum (F1 16=34.885, p<0.05).
However, these increases were significantly attenuated by minocycline treatment in the
SN (F116=7.146; p<0.05) and the striatum (F1 16=6.770; p<0.05). Thus, MPTP increased
the levels of this proinflammatory cytokine whereas TNF-a KO and minocycline
treatment markedly attenuated the MPTP-induced increases These data suggest that the
attenuation in FITC-LA leakage seen in the TNF-a KO and minocycline treated animals

was also associated with reductions in these pro-inflammatory cytokines.

MPTP-induced DA neuron loss was not associated with BBB |eakage

MPTP treatment led to an anticipated loss of THir neurons (a marker for DA
neurons). Thus, stereological assessments of THir cells in the SN revealed a 35%
reduction (Fy 16=37.415; p<0.05) in the B6;129S6 control mice and a 44% reduction in
the C57BL/6 controls (F1,16=14.856; p<0.05), which were not significantly different from
one another (Fig. 4A; p>0.05). Compared with their wild type controls treated with
MPTP, the TNF-a KO mice were equivaently sensitive to MPTP losing 30% of their
THir cells (Fig 4B; F1,16=0.005, p=0.943). In contrast, minocycline treatment markedly
attenuated the MPTP-induced THir cell loss (Fig. 4C; F1,16=4.707; p<0.05). There was
not significantly different in THir cell counts between Mino/MPTP and Mino/Sal
(p>0.05). These data confirm the previously reported differential effectson DA neuron
loss (Tikka and Koistinaho, 2001;Rousselet et a., 2002;Leng et al., 2005;Ferger et al.,
2004;Du et al., 2001). Most importantly, they demonstrate that the attenuation of FITC-

LA leakage in these two sets of animals was independent from DA neuron loss
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suggesting that inflammatory events and not a DA neuron loss per se was responsible for
the barrier dysfunctioninduced by MPTP.
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Discussion

The current study confirms and extends our previous work in ratsin which
injection of the DA neurotoxin 6- hydroxydopamine into the striatum or medial forebrain
bundle similarly produced patchy areas of leakage of FITC-LA and horseradish
peroxidase as well as increase of 33 integrin expression (a marker of angiogenesis) in the
SN and striatum (Carvey et al., 2005). In the present study, the DA neurotoxin was
injected systemically so that the barrier dysfunction seen could not be a consequence of
stereotaxic brain surgery. In addition two different genotypes of mice exhibited barrier
dysfunction using MPTP suggesting that the previous effects observed in rats were
neither species nor toxin specific. Finally, the current studies clearly demonstrated the
validity of the FITC-LA injection procedure as a marker for barrier integrity because
areas devoid of aBBB exhibited leakage, regardless of treatment history, and detailed
evaluation of several non-dopaminergic brain areas revealed complete vascular perfusion
without evidence of |eakage demonstrating specificity while ruling out a perfusion-based
epiphenomenon. These data strongly argue that DA neurotoxins induce BBB dysfunction
in well-established anima models of PD.

At this time, we do not know if the areas of |eakage were static (i.e., an area
developed aleak and remained leaky) or dynamic (i.e. an area developed aleak and
repaired itself such that after several days, leakage would o longer be detected). Given
that activated microglia were associated with areas of leakage and microglia are known to
migrate (Cho et a., 2006;Carbonell et al., 2005), it is more likely that the pattern of leaks
isdynamic. A dynamic pattern of leakage was further supported by the fact that the areas
of leakage were different in every animal. This suggests that a “window” of increased
leakage developed in an areaof inflammation that could subsequently close. It isaso
becoming increasing clear that the BBB dysfunction although it may be dynamicin
nature, is not temporary. We previously showed that FITC-LA leakage was still present
10 and 34 days following 6-OHDA treatment (Carvey et al., 2005). Whether or not
barrier dysfunction continues for months after toxin exposure remains to be established.
Regardless, these results argue that the BBB is somewhat long-lived and common to two
different animal models of PD.
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The MPTP-induced barrier dysfunction appeared to be a consequence of
neuroinflammation independent of DA neuron loss. Although MPTP produced
neuroinflammation as evidenced by increased numbers of activated microglia and
increases in TNF-a and IL-1b in both genotypes, the TNF-a KO animals exhibited
significant DA neuron losses whereas the animals treated with minocycline did not. Since
TNF-a and minocycline both dramatically attenuated the FITC-LA leakage, there was a
clear-cut dissociation between the DA neuron loss and the barrier dysfunction. In
addition, in in vitro studies of human brain microvascular endothelial cell (HMBEC), the
condition mediums of LPS-induced activate microglia directly decreased electric
resistance of HBMEC. However, condition mediums of DA neuron degenerative and
activated astrocyte cells did not affect the resistance of HBMEC (These data will be
published in another paper). Thus, although biogenic amine containing neurons are often
seen in close proximity to endothelial cells that also express noradrenergic and
serotonergic receptors, and norepinephrine containing locus ceruleus cells have been
shown to regulate barrier function(Kobayashi et al., 1985;Raichle et al., 1975;Wakayama
et d., 2002), there was no evidence of dopaminergic control of barrier leakage in the SN
and striatum in the current study. It therefore appears that inflammatory events are more
responsible for the barrier dysfunction observed than DA neuron loss. This does not
negate the probability that the DA neuron degeneration led to the inflammation, but
rather, that DA neuron loss by itself did not lead to the barrier dysfunction. It is
possibility that just because DA neuron loss did produce the neuroinflammationin the
nigrostiatal system (Carvey et a., 2005;Dassiou-Plakida, 1992), BBB dysfunction was
specific to the nigrostiatal system following MPTP treatment.

TNF-aby itself activates microglia (John et al., 2003) and our results show that
TNF-a KO inhibits microglia activation. Minocycline is a semisynthetic tetracycline
derivative that exerts anti-inflammatory effects and inhibits microglial activation by
decreasing IL-1 3 and nitric oxide release (Du et al., 2001; Tikka and Koistinaho, 2001).
Moreover, our data showed that minocycline also decreased the TNF-a release. Activated
microglia release numerous neuroinflammatory substances that can potentially disrupt
barrier function including prostanoids, proteases, nitric oxide (NO), superoxide, and the
proinflammatory cytokines TNFa and IL-1b (Dringen, 2005;Lynch et a., 2004;Tsa0 et
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al., 2001;Wong et a., 2004;Y enari et al., 2006). Although any of these factors could have
contributed to the barrier breakdown in the current study, the MPTP-induced increase in
TNF-aand IL-113 in conjunction with FITC-LA leakage and the attenuation in these
increases in the TNF-a KO and minocycline treated animals argues for their potential
involvement in the barrier disruption. TNF-a and IL-113 are known to decrease electrical
resistance and increase permeability inin vitro BBB nodels (Didier et a., 2003;Miller et
al., 2005). TNF-a causes aredistribution of cadherin and junctional adhesion molecule
(JAM) leading to a rearrangement of microfilaments, and a down-regulation of occludin
expression increasing BBB permeability (Ozaki et al., 1999;Petrache et al., 2003;K niesel
and Wolburg, 2000;Mankertz et al., 2000). IL-1 R also increases BBB permeability by
decreasing expression of occludin and zonula occludens-1 proteins leading to apparent
redistribution of the adherens junction protein vinculin (Bolton et al., 1998). IL-1 3 may
also induce cyclooxygenase-2 (COX-2) synthesis in brain endothelial cells (Konsman et
al., 2004), activating of NF-kappaB molecules and prostaglandins within brain
endothelial cells (Laflamme et al., 1999;Nadjar et al., 2005). However, although the
current evidence suggests the involvement of TNF-a and IL-1b, we cannot, at this time,
rule out other inflammogens associated with microglial activation.

Several studies have argued against BBB dysfunction in PD. Haussermann et al.
(Haussermann et al., 2001) revealed no changes in blood CSF barrier function by
examining CSF/serum ratios and oligoclonal bandsin PD patients. If the BBB
dysfunction is not universal, but rather punctate as our data suggests, major changes such
as these would not be detected. Kurkowska-Jastrzebska et al. in 1999 (Kurkowska-
Jastrzebska et al., 1999) similarly argued that the DA neurotoxin MPTP does not disrupt
BBB function. Y et, although they showed that IgG was restricted to the inside of the
blood vessels, they aso reported that mononuclear cells infiltrated the SN and striatum,
which would suggest BBB dysfunction. O’ Callaghan et a. in 1990 (O'callaghan et & .,
1990) used a single small administered dose of MPTP (12.5mg/kg, s.c.) that did not
produce DA neuron loss and reported no dysfunction of the BBB. Canudas et a. in 2000
(Canudas et al., 2000) injected MPP" into the left SN of the rat that produced only a small
lesion yet assessed BBB integrity in the striatum with a crude index of BBB integrity

(albumin staining) that could have easily been missed because of the small size of the SN
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injury. It is aso important to point out that the animal studies using MPTP or its
metabolite MPP+ just described, were not designed to assess BBB integrity, but rather
focused on other effects of MPTP. Moreover, they used globa indices of BBB integrity
which could have readily missed the punctuate |eakage that seems to characterize the DA
neurotoxin exposed BBB. In contrast, the study by Faucheux et al. (Faucheux et a., 1999)
showed an increase in vascular density in the SN, but not the VTA of PD patients and
Barciaet al., (Barciaet al., 2004) discussed evidence of microangiogenesis in the PD
brain which is often associated with barrier dysfunction. Kortekaas et al., (Kortekaas et
al., 2005) used [V C]-verapamil imaging, and demonstrated an 18% increase in brain
uptake in the mesencephalon of PD patients relative to aged controls. This increase may
have reflected alterations in P-gp function or simply increased leakage into brain. Barcia
et d., (Barciaet al., 2004) also recently noted an increase in the number of blood vessels
indicative microangiogenesis that follows barrier damage in close proximity to
degenerating DA neurons in non-human primates. Moreover, the increase in vessels was
highly correlated with increasesin vascular endothelial growth factor (VEGF) probably
caused by neo-microangiogenesis that similarly accompanies barrier breakdown
following an inflammatory event. Thus, an emerging literature supports barrier
dysfunction in patients with PD and animal models of this disorder.

There are numerous implications to PD if areas of active inflammation lead to
focal areas of barrier dysfunction in patients. Areas of leakage in focal
neuroinflammatory loci would afford the opportunity to target delivery of anti-
inflammatory agents that normally do not cross the BBB or deliver avariety of
therapeutics to those areas using nanoparticles. Notwithstanding the effect of these agents
on areas of the brain not protected by a BBB, this strategy would target areas ostensibly
undergoing active DA neurodegeneration potentially slowing disease progression On the
other hand, BBB dysfunction could alow inhomogeneous entry of antiparkinsonian
drugs into the SN and striatum that could contribute to dyskinesias since dopaminergic
“hotspots’ have been implicated in this DA agonist induced side effect (Bankiewicz et al.,
2006). Alternatively, levodopa decarboxylase inhibitors including carbidopa and
benserazide, which normally do not cross the BBB, may do so in these areas of leakage.

This would inhibit conversion of levodopa to DA in these areas creating hot spots of
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increased DA activity in intact areas. In addition, foca BBB dysfunction would increase
entry of elements of the peripheral vasculature into the SN and striatum that could
similarly contribute to disease progression. Moreover, environmental toxins that may not
cross the BBB readily would concentrate in areas of BBB dysfunction. Taken together,
these results suggest that detailed imaging assessments of BBB integrity should be
performed in patients with PD to determine the role, if any, compromised BBB integrity

plays in disease progression and side effects.
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Figure Legends

Figure 1. TNF-a KO and minocycline treatment attenuated the FITC-LA leskage in the
SN and striatum after MPTP treatment. FITC-LA was visualized using confocal
microscopy in the SN of WT/Sal (A) and TNF-a KO/Sal (B) as well as the striatum of
WT/Sal (C) and TNF/Sal animals (D). FITC-LA leakage was evident in the SN of the
WT/MPTP (E) and striatum of WT/MPTP (G) treated mice. Areas of |eakage were not
found in the SN (F) or striata (H) of TNF-a KO/MPTP treated mice. Similar findings
were seen in the minocycline treated animals. FITC-LA was confined within vesselsin
the SN of Sal/Sal (1) and Mino/Sal (J) as well as the striatum of Sal/Sal (K) and Mino/Sal
(L) animas. FITC-LA leakage was evident in the SN of the Sal/MPTP (M) and striatum
of Sal/MPTP (O) treated mice. Areas of |eakage were not found in the SN (N) or striata
(P) of Mino/MPTP treated mice. There was no FITC-LA leakage in the parietal cortex (Q)
and hippocampus (R), in any of the animals regardless of treatment . However, leakage
was always seen in the area postrema (S), areas devoid of a BBB. [* = The fourth
ventricle. Arrows indicate areas of FITC-LA leakage. Scale bar = 100um (A-T)].

Figure 2. TNF-a KO and minocycline reduced microglia activation. (A) TNF-aKO
inhibited MPTP-induced microglia activation. The shapes of microglia were not
different in WT (Lane 1: SN of WT/Sal) and TNF-aKO mice (Lane 2: SN of TNF-a
KO/Sal) treated with saline. Three days after the last MPTP administration, microglia
became large, amoeboid, and had thick processes (Lane 3: SN of WT/MPTP). However,
in TNF-a KO/MPTP mice the morphology of microgliaremained small and ramified
(Lane 4: SN of TNF-a KO/MPTP) comparable with those in WT/Sal mice. (B)
Minocycline treatmert inhibited MPTP-induced microglial activation. The shape of
microglia showed no difference in the C57BL/6 mice between saline only (Lane 1: SN of
Sal/Sal) and minocycline only (Lane 2: SN of Mino/Sal) treatment groups. Numerous
activated microglia were present in the SN of mice 3 days after MPTP treatment (Lane 3:
SN of Sal/MPTP). Minocycline treatment attenuated the MPTP-induced microglia
activation(Lane 4: SN of Mino/MPTP). Microgliain the mice injected with both MPTP
and minocycline had small cell bodies with ramified long, thin processes in the SN. (C)
Quantification of CD11-ir cellsin the WT and TNF-a KO mice following the MPTP
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treatment. After the MPTP treatment, the number of activated microgliaincreased 26 fold
in the SN of WT mice. However, TNF-aKO clearly prevented microglia activation.
(Marker A: p<0.001 relative to WT/Sal group; Marker B: p<0.001 relative to WT/MPTP
group, but it was undistinguishable from WT/Sal group, P>0.05). (D) Quantification of
CD11p-ir cellsin C57BL/6 mice with or without minocycline treatment following MPTP
administration. MPTP treatment increased the number of activated microglia
Minocycline treatment (90mg/kg X3) attenuate this change. (Marker A: p<0.05 relative
to Sal/Sal group; Marker B: p<0.05 relative to Sal/MPTP group, but it was
indistinguishable from Sal/Sal group, P>0.05). Left (Scale bar=100 um) and right (Scale
bar=10 um).

Figure 3: Areas of FITC-LA leakage contained activated microglia. Upper images show
no FITC-LA leakage in areas of resting microglia whereas the lower row demonstrates
FITC-LA leakage associated with marked microglial activation. (Bar=25um).

Figure 4: The loss of dopamine neurons was attenuated by minocycline treatment, not by
TNF-a KO following MPTP treatment. (A) Photomicrographs of representative sections
of THir staining in the SNs of the mice used to generate the bar graph of (B) and (C). SN
of (@ WT/Sdl, (b) TNF-aKO/Sd, (¢) WT/MPTP, (d) TNF-a KO/MPTP, (e) Sal/Sal, (f)
Mino/Sal, (g) MPTP/Sal,.and (h) MPTP/Mino. (Magnification bar=0.25mm). (B)
Quantification of THir cellsin the WT and TNF-a KO mice following MPTP treatment.
MPTP similarly reduced the numbers of THir cellsin the SN of both WT and TNF-a KO
mice. The number of THir cells was not significantly differert in WT/MPTP and TNF-a
KO/MPTP mice [(p=0.774); Marked A and B, separately]. (C) Quantification of THir
cellsin C57BL/6 mice with or without minocycline treatment following MPTP
administration. The number of THir cells was significantly different (p=0.044) between
Sa/MPTP (Marker C) and Mino/MPTP mice (Marker D).
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